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ABSTRACT 
Perennial grasses are expected to comprise a substantial portion of the lignocellulosic 
biomass to meet renewable energy mandates in the U.S. in the next decade.  Miscanthus  
giganteus, a high-yielding warm-season, perennial, rhizomatous grass that has been grown for 
cellulosic biomass production, shows great promise as a biomass feedstock in the U.S.  
Miscanthus × giganteus cv. ‘Illinois’ is a widely studied sterile cultivar that must be planted 
from plantlets or rhizomes; this asexual propagation is relatively expensive, thereby limiting 
more widespread acceptance.  A tetraploid seeded variety of M. × giganteus (seeded miscanthus) 
has been developed that could reduce establishment costs while producing high biomass yields. 
Weed control during the year of establishment is essential as seeded miscanthus does not 
compete well with weeds in the first year.  Chapter 1 of this dissertation presents a set of 
experiments designed to identify preemergence (PRE) and postemergence (POST) herbicide 
options that are safe to use on seeded miscanthus and provide robust weed control.  Several PRE 
and POST herbicides were identified that did not negatively affect miscanthus growth under 
greenhouse and field conditions.  However, no combination of herbicides was found that did not 
impede miscanthus establishment while providing adequate weed control under the field 
conditions experienced in this experiment, suggesting the need for further herbicide studies with 
this newly-developed seeded grass. 
Chapter 2 presents a field experiment that attempted to identify an optimum 
establishment protocol for seeded miscanthus by comparing different seeding rates and planting 
methods under irrigated and rainfed conditions.  Drought conditions in both establishment years 
coincided with stand establishment failure under rainfed conditions, suggesting that seeded 
miscanthus may not establish well in water-stressed environments.  Although significant 
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differences among planting methods and seeding rates were found with most crop growth 
parameters, biomass yield goals were achieved with all planting methods at 20 and 40 seeds m
-2
.  
Switchgrass (Panicum virgatum L.) is another warm-season perennial grass that has been 
identified by the U.S. Department of Agriculture as a model biomass crop for several reasons, 
including its relatively high yields, its adaptability to a wide range of environments, the fact that 
it is native to the U.S., and its ability to grow well on marginal land.  Prairie cordgrass (Spartina 
pectinata Link) is another native tall prairie grass with characteristics similar to switchgrass, and 
it has been studied recently for its ability to produce high biomass yields under saline soil 
conditions.   
Similar to M. × giganteus, these two native grasses are slow to establish from seed, and 
so establishment is often compromised by weed interference.  Chapter 3 presents greenhouse 
experiments that were conducted to determine the tolerance of switchgrass and prairie cordgrass 
to several PRE and POST herbicides applied at different timings and under different light 
intensities.  Preemergence herbicides were identified that did not inhibit seedling emergence for 
each species.  Phytotoxic effects of POST herbicides decreased when applied at successively 
later growth stages, and several herbicides were found that were safe with respect to biomass 
production in each respective species.  However, no herbicide was identified that could be used 
in establishing both grasses together without negatively impacting crop growth. 
 Chapter 4 presents greenhouse experiments designed to determine the effects of irrigating 
with water having different levels of salinity and sodicity on seed germination and plant growth 
in several populations of switchgrass and prairie cordgrass.  Higher levels of salinity negatively 
impacted seed germination with switchgrass more so than with prairie cordgrass overall, 
although significant differences existed among populations within species as well.  In a two-
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season greenhouse pot experiment, aboveground dry biomass production with two prairie 
cordgrass populations was higher than in a lowland switchgrass cultivar when treated with pure 
water, but when irrigated with moderately saline water, the lowland switchgrass yielded the 
highest.  An upland switchgrass cultivar was also found to have very low salt tolerance and was 
not considered a good candidate for biomass production on salt-affected land. 
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Abstract 
 M. × giganteus cv. ‘Illinois’ is a high-yielding perennial grass crop being developed for 
cellulosic biomass production in the U.S.  It is a sterile cultivar and must be established with 
from plantlets or rhizomes; this asexual propagation is relatively expensive, thereby limiting 
more widespread acceptance.  A tetraploid seeded variety of M. × giganteus has been developed 
that could reduce establishment costs while producing high biomass yields.  Weed control during 
the year of establishment is essential as this perennial grass crop does not compete well with 
weeds in the establishment year.  Greenhouse and field experiments were conducted to identify 
preemergence (PRE) and postemergence (POST) herbicides that would not adversely affect 
seeded miscanthus emergence or growth and would provide adequate weed control.  Imazethapyr 
and quinclorac applied PRE had no negative affect on miscanthus growth in the greenhouse, but 
only quinclorac did not reduce crop emergence in the field.  Six herbicides applied POST in the 
greenhouse showed little or no negative affect on miscanthus growth.  In the field, several PRE 
and POST herbicide combinations did not negatively affect miscanthus growth; however, none 
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of these provided adequate weed control under irrigated conditions.  Further evaluation of PRE 
and POST herbicides is needed to identify robust weed control options that are safe on seeded 
miscanthus. 
  
Introduction 
 U.S. lignocellulosic biomass production is expected to increase as federal cellulosic 
biofuels mandates continue to increase (EISA 2007; Schnepf and Yacobucci 2013) and as more 
states adopt Clean Energy Standards, Alternative Energy Portfolio Standards and Renewable 
Portfolio Standards (Heeter and Bird 2013).  Companies that are scheduled to begin producing 
cellulosic ethanol in the Midwestern U.S. in 2014 will be using crop residue as a feedstock; 
however, purpose-grown biomass crops, such as short rotation coppicing trees and perennial 
grasses, are expected to provide the greatest portion of lignocellulose by 2022 (United States 
Department of Energy 2011).  Miscanthus × giganteus Greef and Deuter ex Hodkinson and 
Renvoize (Greef et al. 1997; Hodkinson and Renvoize 2001) is a C4 perennial grass that has 
been shown to produce high biomass yields (Arundale et al. 2014; Heaton et al. 2008).   
The variety of miscanthus that is planted throughout much of the European Union and in 
a number of locations in the U.S. for bioenergy production is a sterile, triploid hybrid commonly 
known as M. × giganteus cv. ‘Illinois’ (Glowacka et al. 2014).  This cultivar must be planted 
from plugs or rhizomes at a cost that may limit its adoption by growers (Christian et al. 2005; 
Lewandowski et al. 2003).  A fertile tetraploid variety of miscanthus (hereafter referred to as 
seeded miscanthus) was recently obtained, further developed and patented (PowerCane
TM
 
Miscanthus, Mendel Biotechnology, Inc., Hayward, CA, USA) (Sacks et al. 2013). 
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 Miscanthus does not compete well with weeds during the establishment year, making 
weed control essential (Lewandowski et al. 2000).  Excluding annual weeds from the slower 
growing perennial biomass crop is not a unique challenge for seeded miscanthus.  
Recommendations for establishing switchgrass commonly include first season mowing to shift 
the competitive balance towards the perennial crop, with weeds being excluded only in 
subsequent biomass production years (Miesel et al. 2012; Renz et al. 2009).  The absence of 
demonstrated robust chemical weed control options for establishment of these crops is one of the 
barriers to wide-scale adoption.    
Published research on weed control and herbicide options in miscanthus has focused on 
M. × giganteus cv. ‘Illinois’ (Anderson et al. 2010; Everman et al. 2011; Li et al. 2013).  
Currently, only two herbicides are labeled for use in miscanthus that has been transplanted or 
emerged and grown to 5 to 8 cm tall – the active ingredient acetochlor with and without atrazine 
(Anonymous 2010a; Anonymous 2010b).  Atrazine has some preemergence (PRE) and 
postemergence (POST) activity on a wide range of broadleaf and grass weeds, although 
acetochlor has limited effectiveness in controlling emerged weed seedlings.  An over-the-top 
application of a PRE herbicide may be necessary to prevent further weed emergence for season-
long control.  Identifying herbicides with soil residual activity that can be applied prior to seeded 
miscanthus emergence and those with foliar activity that can be applied after emergence will be 
vital to developing a weed control program in this seeded perennial grass crop. 
 The objectives of the current experiments were to identify PRE and POST herbicides that 
do not impede seeded miscanthus emergence or negatively impact plant growth during the 
establishment year. 
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Materials and Methods 
Germplasm and seed description 
Miscanthus seeds were obtained from an open-pollinated germplasm collection.  A cross 
between Miscanthus sinensis (diploid) and M. sacchariflorus (tetraploid) resulted in three 
tetraploid plants.  These inter-specific hybrids, and all progeny derived from them, are defined as 
the nothospecies M. × giganteus Greef and Deuter ex Hodkinson and Renvoize (Greef et al. 
1997; Hodkinson and Renvoize 2001) irrespective of ploidy, in line with the International Code 
of Nomenclature for algae, fungi, and plants (Glowacka et al. 2014).  These F1 plants were 
increased and allowed to cross-pollinate, and seeds from the F2 plants were collected for this 
experiment (Sacks et al. 2013).  Seeds were cleaned with palea and ciliated lemma removed 
(Smith and Barney 2014) prior to the experiments, and seed weight was measured at 1.1 mg 
seed
-1
.  Germination tests conducted according to Kim et al. (2012) under growth chamber 
conditions showed germination to be 96.5%. 
Greenhouse experiment 
The experiment was designed as a randomized complete block with three replications in 
space and two in time.  A mix of soil, peat and torpedo sand medium (1:1:1 by wt) was prepared 
with the addition of dolomitic lime, phosphate (0-46-0), gypsum and MgSO4 (2.7, 1.1, 1.6 and 
1.1 kg m
-3
, respectively).  Twenty miscanthus seeds were planted in each cell (12.7 x 12.7 x 5.7 
cm) of a standard 8-01 tray liner at a depth of 3 mm.  Preemergence herbicides (Table 1.1) were 
applied the same day and flats were immediately watered from above to incorporate the active 
ingredients into the soil.  Postemergence herbicides (Table 1.1) were applied approximately 4 
weeks after planting (WAP).  Herbicides were selected based on results from previous 
greenhouse trials (unpublished data) in an attempt to identify herbicides with soil residual 
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activity that could be applied PRE or POST to achieve season-long weed control during the 
establishment year.  Herbicides were applied in a compressed air spray chamber (Allen Machine 
Works, Midland, MI, USA) calibrated to deliver 187 L ha
-1
 at 207 kPa through a traveling nozzle 
(XR80015, TeeJet Technologies, Wheaton, IL, USA) maintained 46 cm above the soil surface or 
plant canopy.  A treatment was also included with no herbicide application for comparison with 
both PRE and POST timings.  Watering was conducted daily and liquid fertilizer (20-20-20 at 
250 ppm) was applied weekly for the duration of the experiment.  Temperature was maintained 
between 22 and 28 °C.  A 14-hr photoperiod was maintained with high pressure sodium lamps 
(STIM-U-Lyte GR-HPS-1000W, Voigt Lighting, Garfield, NJ, USA) providing supplementary 
lighting (450 μmol m-2 s-1 photon flux at plant canopy level) when necessary.   
 Number of plants, height of the tallest plant, and visible injury were measured at 8 wks 
after treatment (WAT).  Visible injury was rated on a scale from 0 (all green) to 100 (all dead).  
All plants in each cell were cut at the soil surface and the fresh weights measured.  Select 
biomass samples were dried in a forced-air oven for one week at 60 °C and dried samples 
weighed to determine correlation with fresh weights. 
Statistical analysis 
 Data for each herbicide application timing were analyzed separately.  Normality of the 
residuals was evaluated using a box plot in the UNIVARIATE procedure and equality of the 
variances was evaluated using a plot of the predicted versus the observed residuals in SAS 
software (SAS Institute, 2008. The SAS System for Windows, Version 9.2. SAS Institute, Inc., 
Cary, NC, USA).  The data were analyzed at α = 0.05 using the MIXED procedure of SAS.  
Single degree of freedom contrasts were used to determine whether responses to treatments were 
different from the non-treated control. Pearson product–moment correlation was used to identify 
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significant correlations among all quantitative dependent variables and Spearman rank-order 
correlation was used to identify correlations with visible injury rating using the CORR procedure 
in SAS. 
Field experiment 
A field experiment was conducted from 2011 to 2012 in Urbana, IL (40.0663, -88.1929) 
on Drummer silty clay loam (Fine-silty, mixed, superactive, mesic Typic Endoaquolls) and Dana 
silt loam (Fine-silty, mixed, superactive, mesic Oxyaquic Argiudolls) soils.  The field was in a 
rotation of corn (Zea mays L.) and soybean (Glycine max L.) with soybean as the previous crop.  
Soil samples were taken to provide a baseline for soil conditions; however, no fertilizer or soil 
amendments were added during the experiments.  Soil organic matter was 2.6%, pH was 6.8, 
cation exchange capacity was 13.2 cmol+ kg
-1
, K was 120 mg kg
-1
, Bray-1 P was 16 mg kg
-1
, Mg 
was 210 mg kg
-1
, and Ca was 1750 mg kg
-1
. 
 The experiment was conducted as a 5  6 factorial (5 PRE and 6 POST treatments) within 
a randomized complete block design with four replications in space and two in time.  The field 
was rototilled to prepare the seedbed prior to planting.  Plots were 0.9 m deep by 0.6 m wide 
with 0.6 m between plots.  Seeds used in the field experiment were coated with a clay capsule for 
ease of handling and dispersal.  No difference in germination was found between pelleted and 
unpelleted seeds under controlled conditions (data not shown).  Seed weights were 12 mg (11:1 
loading) and 27 mg seed
-1
 (25:1 loading) for pelleted seeds in 2011 and 2012, respectively.  
Different pellet sizes were used due to limited seed availability from Mendel Biotechnology, Inc.  
These pellets were 3 and 7 times larger (2011 and 2012, respectively) than the pelleted M. 
sinensis pellets used by Christian et al. (2005) at 3.8 mg seed
-1
 (5:1 loading).  Seeds were 
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dispersed using a shaker jar with a pure silica medium at 144 seeds plot
-1
 (267 seeds m
-2
) and 
covered with approximately 5 mm fine soil.  Plots were planted May 19, 2011 and June 7, 2012.   
Herbicides and application rates are listed in Table 1.2.  Higher rates than those evaluated 
in the greenhouse experiment were chosen based on past experience showing higher herbicide 
rates in the field are necessary to produce results similar to those produced under greenhouse 
conditions.  Atrazine was added in herbicide applications (when active ingredient compatibility 
was stated on product labels) to aid in weed control, and preliminary work showed that seeded 
miscanthus was not adversely affected by these rates of atrazine applied PRE or POST 
(unpublished data).  Preemergence herbicide applications were made immediately following 
planting.  Postemergence applications were made June 29, 2011 and July 10, 2012 to those plots 
not treated with a PRE herbicide and July 12, 2011 and July 19, 2012 to those plots that were 
treated with a PRE herbicide.  All applications were made with a CO2 backpack sprayer 
calibrated to deliver 187 L ha
-1
 at 276 kPa through a boom equipped with three nozzles (TeeJet 
XR8002) spaced 46 cm apart and held 46 cm above the soil or plant canopy.  Irrigation was 
conducted in all plots immediately following PRE herbicide applications with a traveling impact 
sprinkler (T180 Ag-Rain Water-Reel, Kifco, Inc., Havana, IL, USA) in 2011 and a series of 
fixed impact sprinklers (P5R impact sprinkler heads, Rain Bird Corporation, Azusa, CA, USA) 
at 10 m spacing with head-to-head coverage in 2012.  Non-treated control plots were hand-
weeded for the duration of the experiment while all plots receiving at least one herbicide 
application were not hand-weeded. 
Stand count was measured 4 WAP and height of the tallest plant and visible injury were 
measured at 12 WAP.  Dry matter data were not taken due to a desire to observe first-year 
overwintering ability without a harvest of this new seeded miscanthus cultivar.  Previous 
8 
 
research has shown a high correlation between height and biomass production in M. × giganteus 
cv. ‘Illinois’ grown in the greenhouse and in the field (r=0.78 and r=0.74, respectively, both at 
P<0.0001) (Anderson et al. 2010), and switchgrass (Panicum virgatum L.) (r=0.86, P<0.0001) 
and prairie cordgrass (Spartina pectina Link) (r=0.82, P<0.0001), both grown in the greenhouse 
(Anderson et al. 2014b).  It was believed that plant height in the current field experiment would 
adequately serve as a proxy for estimation of biomass production.  
Statistical analysis 
 Data for all PRE and POST combinations were analyzed together.  All other analysis 
methods were conducted according to those used in the greenhouse experiment (2.1.1). 
 
Results and Discussion 
Greenhouse experiment 
Preemergence treatments 
Plants either did not emerge or emerged and died within 1 wk when treated PRE with 
dimethenamid-P, flufenacet, and pyroxasulfone, while emergence with isoxaflutole and 
sulfentrazone + chlorimuron ethyl was 55 and 61% of the non-treated control, respectively 
(Table 1.3).    Plant height was 61, 32 and 31% of the non-treated control with imazapic, 
sulfentrazone + chlorimuron ethyl and sulfosulfuron, respectively.  Visible injury was also 
significantly different from the non-treated control with these three treatments.    Dry weight per 
pot was correlated with fresh weight per pot (r=0.83, P<0.0001), so only fresh weights are 
presented.  Fresh weights per pot were 42, 45, 10 and 10% of the non-treated control with 
imazapic, isoxaflutole, sulfentrazone + chlorimuron ethyl and sulfosulfuron, respectively.  
Imazethapyr and quinclorac did not adversely impact any variable and were considered good 
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candidates for evaluation under field conditions.  Levels of significance with fresh weight per 
plant were the same as those with fresh weight per pot when compared with the non-treated 
controls except for imazapic (significant only at α=0.10) and isoxaflutole (not significantly 
different from the control).  Imazapic and isoxaflutole produced mixed results in this greenhouse 
experiment and so were also included as treatments in the field experiment.   
Postemergence treatments 
Imazapic and thiencarbazone-methyl + isoxaflutole reduced plant height by 42 and 15%, 
respectively (Table 1.3).    Imazapic, sulfosulfuron and thiencarbazone-methyl + isoxaflutole 
produced significant visible injury; however, injury ratings less than 25% were considered 
acceptable.  Only imazapic significantly reduced fresh weight per pot (65% compared with the 
non-treated control) and so was not considered a viable candidate for evaluation in the field 
experiment.  Fresh weights (per pot and per plant) with flumetsulam + clopyralid, sulfosulfuron, 
S-metolachlor + atrazine, pyroxasulfone, thiencarbazone-methyl + isoxaflutole and S-
metolachlor + mesotrione + atrazine were not significantly different from the non-treated control.  
All of these herbicides were considered good candidates for field evaluation; however, not all 
were evaluated in the field experiment due to limited availability of seeds.  Acetochlor + atrazine 
was included in the field experiment to verify whether a product labeled for POST weed control 
broadly in Miscanthus spp. (Anonymous 2010b) would also be safe in this seeded variety. 
Field experiment 
Temperatures in July of both years were 3–4°C higher than normal as were temperatures 
in the first five months of 2012.  Post-planting temperatures were similar in both years, and since 
all plots were irrigated throughout the experiment, higher mid-summer temperatures were 
assumed not to have a negative impact on this crop.  Weed competition was moderate to heavy in 
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the field in both years with several weed species including: giant foxtail (Setaria faberi Herrm.), 
large crabgrass (Digitaria sanguinalis (L.) Scop.), cocklebur (Xanthium strumarium L.), 
pigweeds (Amaranthus spp.), witchgrass (Panicum capillare L.), and fall panicum (Panicum 
dichotomiflorum Michx.). 
Plant emergence in the field was considerably lower than in the greenhouse experiment 
(Tables 1.3 and 1.4).  Mean stand count in non-treated control plots was 31% lower in the field 
than in the greenhouse.  Imazapic and imazethapyr reduced stand counts by 81 and 52%, 
respectively, compared with the non-treated control plots.  These results were surprising as 
imazapic reduced plant emergence by only 13% compared with the non-treated control and 
emergence was 13% higher with imazethapyr than the non-treated control in the greenhouse 
experiment.  It is possible that plant emergence was adversely impacted with the increased 
herbicide rates evaluated in the field but would not have been impacted at the lower rates 
evaluated in the greenhouse.  Applications of herbicides at reduced rates can be an effective 
weed control strategy to reduce crop injury, although weed control efficacy decreases as rates 
decrease (Lockhart and Howatt 2004; Trower et al. 2001).  Based on these results, it is unlikely 
that either of these herbicides would be good candidates for PRE weed control under field 
conditions at the higher application rates.  In contrast to the 55% reduction in emergence with 
isoxaflutole in the greenhouse (Table 1.3), when the same rate was applied in the field (+ 
atrazine)  stand counts were only reduced by 18% compared with the non-treated control, which 
was not statistically significant (Table 1.4).   Quinclorac was the only PRE treatment that did not 
reduce miscanthus stand counts in the greenhouse (Table 1.3) or field (+ atrazine) (Table 1.4).   
Plant height was significantly reduced with treatments including imazethapyr PRE in all 
but one treatment (Table 1.5).  Plant height response to treatments including imazapic PRE 
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ranged from 18% taller than the non-treated control to 51% shorter with only the treatment 
including thiencarbazone-methyl + isoxaflutole + atrazine POST being significantly shorter than 
the control.  Imazethapyr applied to switchgrass PRE (0.07 kg ai ha
-1
) or POST (0.11 kg ai ha
-1
) 
produced varied results but generally improved switchgrass establishment compared with a non-
treated control (Masters et al. 1996).  Imazethapyr (up to 0.14 kg ai ha
-1
) applied at the 3–5 leaf 
stage stunted switchgrass height but increased plant density and biomass yield compared with a 
non-treated control (Wilson 1995).  Imazapic (0.035 kg ai ha
-1
) significantly reduced switchgrass 
stands at two of three field locations and was not recommended for weed control during 
switchgrass establishment (Mitchell et al. 2010).  All treatments including isoxaflutole + atrazine 
PRE reduced plant height compared with the non-treated control, although only the treatment 
including thiencarbazone-methyl + isoxaflutole + atrazine POST was significantly different.  No 
other treatments significantly reduced plant height.  Mesotrione (0.07 kg ai ha
-1
), an HPPD 
inhibitor similar in chemistry to isoxaflutole, significantly injured and reduced yields of upland 
switchgrass while quinclorac (up to 0.56 kg ai ha
-1
) has been shown to be safe on switchgrass 
(Boydston et al. 2010; Mitchell et al. 2010).   
Although visible injury was statistically significant with several herbicide treatments 
(Table 1.5), ratings below 25% were considered tolerable.  Only imazapic PRE with no POST 
herbicide treatment produced visible injury above this threshold; the fact that only six plants total 
survived to 12 WAP in three plots was likely a factor.  Stunting was not included in injury 
ratings as plant height was recorded separately.  Injury symptoms included tissue bleaching and 
chlorotic and necrotic leaf speckling which, when present early after treatment, were generally 
reduced in severity by 12 WAP. 
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Preliminary field work (unpublished data) showed that the following herbicides did not 
significantly reduce plant emergence or plant height and did not produce significant visible 
injury and therefore may be good candidates to evaluate in further experiments for weed control 
in seeded miscanthus: mesotrione (up to 0.21 kg ai ha
-1
), simazine (up to 1.61 kg ai ha
-1
) or 
saflufenacil (up to 0.06 kg ai ha
-1
), each pre-mixed with atrazine (1.68 kg ai ha
-1
) and applied 
PRE; and mesotrione (up to 0.21 kg ai ha
-1
), quinclorac (up to 1.68 kg ai ha
-1 
+ methylated seed 
oil at 1% v/v) or tembotrione (0.09 kg ai ha
-1
 + methylated seed oil at 1% v/v + ammonium 
sulfate at 2.5% v/v), each pre-mixed with atrazine (0.56 kg ai ha
-1
) and applied POST.  A PRE 
herbicide mixture including mesotrione (0.21 kg ai ha
-1
) + atrazine (1.68 kg ai ha
-1
) + quinclorac 
(0.42 kg ai ha
-1
) followed by a POST application of acetochlor (1.69 kg ai ha
-1
) + atrazine (0.67 
kg ai ha
-1
) + 0.42 quinclorac (kg ai ha
-1
) when seeded miscanthus had grown to approximately 30 
cm tall provided sufficient weed control during the year of establishment in a field adjacent to 
the one used in the current experiment (Anderson et al. 2014a).   
 
Conclusion 
 Seeded miscanthus is slow to establish making weed control during the year of seeding 
essential for successful stand establishment.  It is likely that an effective weed control regime 
will require a PRE herbicide with soil residual activity followed by one or more timely 
applications of herbicides that have both foliar and residual activity to protect miscanthus from 
weed competition to ensure successful establishment.  Imazethapyr and quinclorac PRE had little 
to no negative impact on miscanthus growth in the greenhouse, but only quinclorac was shown 
not to reduce plant emergence in the field.  Several PRE and POST herbicide combinations were 
identified that did not negatively impact miscanthus growth.  Further evaluation of PRE and 
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POST herbicides is needed to identify herbicide combinations that provide sufficient weed 
control and are safe on seeded miscanthus. 
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Tables 
 
Table 1.1  Herbicide treatments applied to seeded miscanthus in greenhouse experiments. 
Common name Rate Application timing Trade name Manufacturer 
kg ai (ae) ha
-1
 
Dimethenamid-P 0.55 PRE Outlook BASF 
Flufenacet 0.39 PRE Define Bayer CropScience 
Flumetsulam + clopyralid 0.03 + 0.07 (ae) POST Hornet Dow AgroSciences, LLC 
Imazapic 
a
 0.04 (ae) PRE, POST Plateau BASF 
Imazethapyr 0.04 (ae) PRE Pursuit BASF 
Isoxaflutole 0.05 PRE Balance Flexx Bayer CropScience 
Pyroxasulfone 
b
 0.14 PRE, POST Zidua BASF 
Quinclorac 0.14 (ae) PRE Paramount BASF 
S-metolachlor + atrazine 
b
 0.81 + 1.04 POST Bicep II Magnum Syngenta Crop Protection 
S-metolachlor + mesotrione + atrazine 1.13 + 0.11 + 
0.42 
POST Lumax Syngenta Crop Protection 
Sulfentrazone + chlorimuron ethyl 0.11 + 0.02 PRE Authority XL FMC 
Sulfosulfuron 
b,c
 0.04 PRE, POST Certainty Monsanto Company 
Thiencarbazone-methyl + isoxaflutole 0.02 + 0.04 POST Corvus Bayer CropScience 
a
 = Includes methylated seed oil @ 1% v/v when applied POST 
b
 = Includes ammonium sulfate @ 2.5% v/v when applied POST 
c
 = Includes nonionic surfactant @ 0.25% v/v when applied POST 
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Table 1.2  Herbicide treatments applied to seeded miscanthus in the field experiment. 
Common name 
Rate Atrazine 
a
 
Trade name Manufacturer 
kg ai (ae) ha
-1
 kg ai ha
-1
 
PRE 
Imazapic 0.07 (ae) — Plateau BASF 
Imazethapyr 0.07 (ae) — Pursuit BASF 
Isoxaflutole 0.05 1.68 Balance Flexx Bayer CropScience 
Quinclorac 0.32 (ae) 1.68 Paramount BASF 
POST 
Acetochlor 1.67 1.12 Harness Monsanto Company 
Pyroxasulfone 0.28 1.12 Zidua BASF 
S-metolachlor + mesotrione + 
atrazine 
b
 
1.50 + 0.15 + 0.56 0.56 Lumax Syngenta Crop Protection 
Sulfosulfuron 
b
 0.07 — Certainty Monsanto Company 
Thiencarbazone-methyl + 
isoxaflutole 
0.04 + 0.09 1.12 Corvus Bayer CropScience 
a
 Atrazine (AAtrex, Syngenta Crop Protection, Greensboro, NC, USA) applied in addition to the herbicide listed 
b
 Includes nonionic surfactant @ 0.25% v/v 
 
 
18 
 
Table 1.3  Phytotoxic response of seeded miscanthus to PRE and POST herbicides in greenhouse 
experiments measured at 8 wks after treatment. 
a
 
 
 
Emergence Height 
Visible 
injury 
b
 
Fresh weight Fresh weight 
 % cm % g pot
-1
 g plant
-1
 
PRE  
Non-treated 38 59     0   8.00 0.97 
Dimethenamid-P   0  ***   0  *** 100  ***   0.00  *** 0.00*** 
Flufenacet   0  ***   0  *** 100  ***   0.00  *** 0.00*** 
Imazapic 33 36  **   29  **   3.32  *** 0.51* 
Imazethapyr 43 57   13   8.87 1.01 
Isoxaflutole 21  *** 42   17   3.56  ** 0.91 
Pyroxasulfone   0  ***   0  *** 100  ***   0.00  *** 0.00*** 
Quinclorac 48 60     0   9.22 1.03 
Sulfentrazone + chlorimuron ethyl 23  *** 19  ***   54  ***   0.80  *** 0.18*** 
Sulfosulfuron 33 18  ***   50  ***   0.82  *** 0.13*** 
POST  
Non-treated — 60     0 12.62 1.08 
Flumetsulam + clopyralid — 57     4 14.15 1.20 
Imazapic — 35  ***   38  ***   4.44  *** 0.25*** 
Pyroxasulfone — 59     0 12.23 1.17 
S-metolachlor + atrazine — 61     8 13.08 1.13 
S-metolachlor + mesotrione + atrazine — 67     0 10.63 1.08 
Sulfosulfuron — 59   17  *** 13.18 1.38 
Thiencarbazone-methyl + isoxaflutole — 51  *   21  *** 11.36 0.94 
a
 Asterisks denote treatments significantly different from the non-treated at α=0.10, 0.05 and 0.01 for one, two and three 
asterisks, respectively 
b
 Visible injury scored on greenness of stem and leaf tissue, scaled from 0 (all green) to 100 (dead, or not emerged) 
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Table 1.4 Seeded miscanthus stand counts taken 
at 4 wks after planting following PRE herbicide 
treatments in the field experiment. 
a
 
Treatment Emergence 
b
 
 (%) 
Non-treated control 7.0 
Imazapic 1.3*** 
Imazethapyr 3.3*** 
Isoxaflutole + atrazine 5.8 
Quinclorac + atrazine 9.6 
a
 Data from all plots receiving the respective 
treatments were pooled regardless of POST 
treatment 
b
 Plant count data were square root transformed 
for normality of the residuals.  Non-transformed 
data are shown with significance levels calculated 
according to transformed data.  Values 
significantly lower than the non-treated control 
noted at alpha levels of 0.10 (*), 0.05 (**) and 
0.01 (***). 
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Table 1.5 Seeded miscanthus plant height and visible herbicide injury recorded 12 wks after 
planting in the field experiment. 
a
 
PRE POST 
Plant 
height 
Visible 
injury 
b
 
  cm % 
— — 65   0 
 Acetochlor + atrazine 51   1 
 Pyroxasulfone + atrazine 58   8 
 S-metolachlor + mesotrione + atrazine  61   8 
 Sulfosulfuron 56 10 
 Thiencarbazone-methyl + isoxaflutole + atrazine 51   1 
Imazapic — 52   0 
 Acetochlor + atrazine 57   0 
 Pyroxasulfone + atrazine 33  *** 23  ** 
 S-metolachlor + mesotrione + atrazine  67   0 
 Sulfosulfuron 77   0 
 Thiencarbazone-methyl + isoxaflutole + atrazine — — 
Imazethapyr — 30  *** 32  *** 
 Acetochlor + atrazine 33  ***   0 
 Pyroxasulfone + atrazine 34  *** 17  ** 
 S-metolachlor + mesotrione + atrazine  53   0 
 Sulfosulfuron 37  ***   5 
 Thiencarbazone-methyl + isoxaflutole + atrazine 35  *** 17  ** 
Isoxaflutole + 
atrazine 
— 54 10 
 Acetochlor + atrazine 56   6 
 Pyroxasulfone + atrazine 53   0 
 S-metolachlor + mesotrione + atrazine  56   6 
 Sulfosulfuron 64   2 
 Thiencarbazone-methyl + isoxaflutole + atrazine 43  ** 12  * 
Quinclorac + 
atrazine 
— 80   4 
 Acetochlor + atrazine 73   4 
 Pyroxasulfone + atrazine 78   2 
 S-metolachlor + mesotrione + atrazine  78   2 
 Sulfosulfuron 69   8 
 Thiencarbazone-methyl + isoxaflutole + atrazine 66   4 
a
 Asterisks denote treatments significantly different from the non-treated Controls at α=0.10, 
0.05 and 0.01 for one, two and three asterisks, respectively 
b
 Visible injury scored on greenness of stem and leaf tissue, scaled from 0 (all green) to 100 
(dead) 
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Abstract 
To meet U.S. renewable fuel mandates, perennial grasses have been identified as 
important potential feedstocks for processing into biofuels.  Triploid Miscanthus  giganteus, a 
sterile, rhizomatous grass, has proven to be a high-yielding biomass crop over the past few 
decades in the European Union and, more recently, in the U.S.  However, without government 
subsidies, high establishment costs from rhizomes are a limitation to more widespread plantings.  
A recently developed tetraploid cultivar of M.  giganteus producing viable seeds (seeded 
miscanthus) shows promise in producing high yields with reduced establishment costs.  Field 
experiments were conducted in Urbana, Illinois from 2011 to 2013 to optimize seeded 
miscanthus establishment by comparing seeding rates (10, 20 and 40 seeds m
-2
) and planting 
methods (drilling seeds at 38 and 76 cm row spacing versus hydroseeding with and without pre-
moistened seeds) under irrigated and rainfed conditions.  Drought conditions in 2011 and 2012 
coincided with stand establishment failure under rainfed conditions, suggesting that seeded 
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miscanthus may not establish well in water-stressed environments.  In irrigated plots, 
hydroseeding without pre-moistening seeds was significantly better than hydroseeding with pre-
moistening, drilling at 38 cm and drilling at 76 cm with respect to plant number (18, 54 and 59% 
higher, respectively), plant frequency (13, 30 and 40% better, respectively), and the rate of 
canopy closure (18, 33 and 43% faster, respectively) when averaged across seeding rates.  
However, differences in second-year biomass yields among treatments were less pronounced, as 
plant size partially compensated for plant density.  Both hydroseeding and drilling at rates of 20 
or 40 seeds m
-2
 appear to be viable planting options for establishing seeded miscanthus provided 
sufficient soil moisture, but additional strategies are required for this new biomass production 
system under rain-fed conditions. 
 
Introduction 
Lignocellulosic bioenergy feedstock production is anticipated to expand as mandated 
volumes of second-generation biofuels in the U.S. continue to increase (EISA 2007; Schnepf & 
Yacobucci 2013).  Reduced greenhouse gas emissions are expected in the production of 
cellulosic feedstocks compared with conventional fossil fuels and ethanol produced from corn 
(Zea mays L.) (Davis et al. 2012).  The majority of current research in the U.S. focuses on 
feedstock conversion to liquid transportation biofuel, though it is more widely used to produce 
heat and power, particularly in the European Union (EU) (Murphy et al. 2013).  While current 
efforts to produce cellulosic biofuels at commercial scale involve crop and forest residues, 
dedicated biomass crops, such as perennial grasses, are expected to comprise the single largest 
contribution to cellulosic biofuels feedstock supplies by 2022 (USDOE 2011). 
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Miscanthus × giganteus Greef and Deuter ex Hodkinson and Renvoize (Greef et al. 1997; 
Hodkinson & Renvoize 2001) is a perennial, warm-season, rhizomatous grass originating in East 
Asia that has been evaluated extensively in the EU, and more recently in the U.S., as a high-
yielding bioenergy feedstock. The triploid (3x) hybrid of M. sinensis Andersson (2x) and M. 
sacchariflorus (Maxim.) Benth. (4x) (Linde-Laursen 1993; Rayburn et al. 2009; Sacks et al. 
2013), commonly referred to as the ‘Illinois’ clone of M. × giganteus in the U.S., comprises most 
of the miscanthus grown for bioenergy commercially and for research purposes in the EU and 
the U.S. (Glowacka et al. 2014).  It is also the only variety currently allowed for miscanthus 
plantings in Project Areas 2–5 under the Biomass Crop Assistance Program (USDA 2012).   
Being triploid, M.  giganteus cv. Illinois does not produce viable seeds (Slomka et al. 
2012) and is planted by rhizomes or plugs (typically a rhizome-derived nursery-propagated 
plantlet).  Establishment costs are high for clonal miscanthus compared with seeded grasses 
(Lewandowski et al. 2003; Christian et al. 2005).  Christian et al. (2005) estimated a delivered 
cost of rhizomes or plants to be $0.29–0.57 per propagule (€0.25–0.5) and the cost of 
establishment to be $1725–3450 (€1500–3000) per hectare, although no planting rate was given 
with this estimate.  Current delivered cost estimates in Illinois for M.  giganteus cv. Illinois are 
$0.05 and $0.24 per rhizome and plug, respectively (personal observation).  Assuming a goal of 
17,300 plants ha
-1
, establishment costs, not including labor and inputs, would be $1235 and 
$4150 ha
-1
 from rhizome and plug, respectively.  For comparison, seeding costs for switchgrass 
(Panicum virgatum) are $99–741 ha-1 based on current market prices, not including labor and 
inputs and assuming a cost of $22–66 kg-1 pure live seeds (PLS) depending on cultivar and a 
seeding rate of 4.5–11.2 kg PLS ha-1. Cheaper current establishment costs with switchgrass have 
24 
 
to be weighed against lower expected yields in many geographic regions compared with M.  
giganteus cv. Illinois, approximately a 50% penalty in Illinois (Arundale et al. 2014).  
Recommendations vary for seeding rates of various perennial grasses.  In a study 
investigating seeding rates for switchgrass and big bluestem (Andropogon gerardii), Vogel 
(1987) found that rates greater than 200 PLS m
-2
 (roughly 3 kg PLS ha
-1
) were not necessary 
when planting into firm seed beds in the spring in Nebraska, USA on silty clay loam.  Other 
seeding rate recommendations for switchgrass have included 2.2–4.5 kg PLS ha-1 (Foster et al. 
2013), 2.2–11.2 kg PLS ha-1 (Parrish et al. 2008), 3.4 kg PLS ha-1 (Vassey et al. 1985), 5.6–6.7 
kg PLS ha
-1
 (Teel et al. 2003) and 9.0–11.2 kg PLS ha-1 (Wolf & Fiske 1995).  In general, the 
recommended seeding rate is 3 to 10 kg ha
-1
, which is approximately equivalent to 200 to 400 
PLS m
-2
.  With a typical target of 10–20 plants m-2, 25 plants m-2 is considered as excellent stand 
(Lee et al. 2014).  Christian et al. (2005) used 500 PLS m
-2
 in a field study investigating 
conventional sowing methods of establishing M. sinensis at the Rothamstad research farm in 
England on silty clay loam, and observed 5–26 plants m-2, an establishment rate of 1–5%. 
While several methods are used to plant grass seed, drilling and hydroseeding are of 
particular interest and used in this research.  In the only previous report on direct-seeding, 
Christian et al. (2005) recorded a 63 and 40% reduction in seedling emergence with broadcasted 
pelleted and unpelleted M. sinensis seed, respectively, compared with drilling at 1 cm depth.  In 
drilling, seeds are dropped from a box into small furrows made by disc openers or chisels that are 
followed by packer wheels that firm the soil over the seeds (Houk 2009).  Seeding depth and 
rates are adjustable to ensure proper seed placement in the furrow and planting uniformity (Houk 
2009).  Drilling seeds normally leads to good seed-to-soil contact.   
25 
 
In hydroseeding, seeds are mixed with water, and often with pulp fiber mulch and 
fertilizer, and the suspended slurry is sprayed on the prepared soil (Beard 1973).  Commonly 
used to plant turfgrass seed, hydroseeding works well on slopes or rocky sites difficult to 
cultivate, but since the seeds are on the soil surface, there needs to be adequate rainfall or 
irrigation for germination and establishment (Beard 1973).  Hydroseeding has been successfully 
used to plant switchgrass on reclaimed mine sites (Keene & Skousen 2010).  Soaking seeds to 
initiate germination before planting, in combination with hydroseeding, has been used to 
minimize the time between planting and seedlings accessing soil water through root growth 
(Young et al. 1977).  At anticipated average air temperatures during planting of approximately 
20°C it was expected that at least 6–8 days would be required for germination and emergence 
based on laboratory studies of M. sinensis (Christian 2012; Clifton-Brown et al. 2011) and M.  
giganteus (Panter 2010), which highlights the challenge of maintaining a moist environment 
throughout germination for shallow- and surface-planted seed.  
The potential benefits of seeding versus planting with plugs or rhizomes include: lower 
cost of propagules; simpler logistics of storing, handling and transporting propagules; lower cost 
and greater speed of planting; lower cost of “over-planting” to avoid future gaps in the field; 
decreased time for production of new cultivars; and increased genetic diversity compared with 
the clonal system.  The potential risks with planting from seeds include: higher susceptibility to 
establishment failure in dry surface soils; increased weed competition and reduced herbicide 
options during establishment; and increased invasiveness potential of non-native species.  Clonal 
M.  giganteus has been shown to have a low risk of invasiveness in the U.S. according to the 
Australian Weed Risk Assessment model (Barney & DiTomaso 2008; Gordon et al. 2011); 
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however, it is uncertain whether a non-sterile variety of M.  giganteus would have as low an 
invasive potential (Quinn et al. 2010; Quinn et al. 2012). 
A tetraploid variety of M.  giganteus (hereafter referred to as seeded miscanthus) has 
been developed that produces viable seeds and achieves yields comparable to the triploid 
‘Illinois’ variety (Sacks et al. 2013).  The germplasm was acquired, further developed, and 
patented by Mendel Biotechnology, Inc. (PowerCane
TM
 Miscanthus, Mendel Biotechnology, Inc., 
Hayward, CA, USA) as a seeded miscanthus variety grown for bioenergy (Sacks et al. 2013). 
The objectives of the current research were to answer the following questions with 
respect to establishment of seeded miscanthus: 1) Is irrigation necessary during the year of 
establishment?  2) What seeding rate will result in adequate stand establishment and the highest 
biomass yields at the end of the second growing season?  3) What planting methods are optimal 
for establishing seeded miscanthus and achieving maximum biomass yield at the end of the 
second growing season? 
 
Materials and Methods 
A field study was conducted from 2011 to 2013 in Urbana, Illinois (40° 3' 58.647", -88° 
11' 32.2938") on Dana silt loam (fine-silty, mixed, superactive, mesic Oxyaquic Argiudolls).  
Prior to initiation of the experiment, the field was in a corn-soybean (Glycine max L.) rotation 
with soybean as the prior crop.  The field was tilled to a depth of 10 cm with a rotary tiller prior 
to planting each year.  A soil test was conducted to determine soil nutrient baseline.  Soil organic 
matter was 2.5%, pH was 6.8, cation exchange capacity was 12.2 cmol+ kg
-1
, K was 131 mg kg
-
1
, and Bray-1 P was 13 mg kg
-1
.  No fertilizer was applied to the field throughout the experiment.  
Weather data were also collected for Urbana, IL for the duration of the experiment (Fig. 2.1). 
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The experiment was conducted as a split plot within a randomized complete block design 
with irrigation as the main plots and a factorial combination of seeding methods and seeding 
rates as the subplots.  The experiment was replicated three times in space and twice in time.  
Irrigated plots were watered only during the year of planting.  Initially, irrigation was conducted 
with a traveling water cannon (T180 Ag-Rain Water-Reel, Kifco, Inc., Havana, IL, USA) when 
the soil surface was dry.  An irrigation system was installed on 25 July, 2011with sprinkler heads 
(P5R impact sprinkler heads, Rain Bird Corporation, Azusa, CA, USA) spaced 9.1 m apart with 
head-to-head coverage to ensure more uniform watering.  Thereafter, plots were irrigated at least 
once a day if the volumetric water content of the soil dropped to 16% at a depth of 2 cm until the 
miscanthus was approximately 5 cm tall, and thereafter at a depth of 10 cm.  Soil moisture 
sensors (WaterScout SM 100, Spectrum Technologies, Aurora, IL, USA) were installed in both 
irrigated and rainfed plots and data were collected during the year of establishment. 
Plots were planted 7–9 June, 2011 and 23–24 May, 2012.  Seeding rates were 10, 20 and 
40 seeds m
-2
 (0.1, 0.2 and 0.4 kg ha
-1
, respectively).  These relatively low rates were used due to 
limited seed availability and to observe a density response.  Planting methods included drilling at 
38 cm (Drill 38) and 76 cm (Drill 76) row spacing, and hydroseeding with dry (Hydro) and pre-
moistened (HydroPM) seed.  For HydroPM plots, seeds were moistened until the first few seeds 
germinated, then stored at 4 °C for 2 to 3 d until planting.  Plot size was 4.6 m wide by 6.1 m 
long which allowed for 6 and 12 rows of plants per plot for Drill 38 and Drill 76 treatments, 
respectively.  Drilled seeds were planted at approximately 1.0 cm which was in the range of 
recommended planting depths for switchgrass (Vassey et al. 1985; Teel et al. 2003; Berti & 
Johnson 2013) and M. sinensis (Christian et al. 2005).  The width of the plot drill (Great Plains 
3P606NT, Great Plains Ag, Salina, KS, USA) mounted with a cone seed distributer 
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(Wintersteiger, Ankeny, IA, USA) was 2.1 m and half of the seeds were planted in each of two 
passes for each plot.  Seeds for the six plots of a given hydroseeding method and seeding rate 
were combined into one batch in the hydroseeder (T60 HydroSeeder, Finn Corporation, 
Fairfield, OH, USA) and enough water and mulch were added to cover all plots.  The seed-mulch 
slurry was applied with a hand-held nozzle spraying 75 L min
-1
 with 150 L applied to each plot.  
In 2012, all plots were rolled with a packing drum one day after hydroseeding to improve seed-
to-soil contact. 
Miscanthus seeds of an initial variety of PowerCane
TM
 Miscanthus (Mendel 
Biotechnology, Inc., Hayward, CA, USA) were obtained for this experiment.  Three tetraploid 
F1 plants resulting from crosses between M. sinensis (diploid) and M. sacchariflorus (tetraploid) 
were selected, vegetatively increased, and allowed to cross-pollinate (Sacks et al. 2013), and the 
F2 seeds from these crosses were collected and pooled for this experiment.  Seeds were cleaned 
with palea and ciliate lemma removed (Smith & Barney 2014).  Seeds used in drill treatments 
were pelleted to increase accuracy of metering of these small seeds during planting.  Seed 
weights were 1.1 mg seed
-1
 for unpelleted and 12 mg (11:1 loading) and 27 mg seed
-1
 (25:1 
loading) for pelleted seeds in 2011 and 2012, respectively.  Pellet sizes differed between years 
due to availability from Mendel Biotechnology, Inc.  Pellet sizes were 2.5 mm (9x the size of 
unpelleted) and 3.5 mm diameter (13x the size of unpelleted) for 2011 and 2012 plantings, 
respectively.  These were significantly larger than the pelleted M. sinensis seeds used by 
Christian et al. (2005) at 3.8 mg seed
-1
 (5:1 loading).  Cleaned seeds were used for hydroseeding 
without pelleting. There were no germination differences between pelleted and non-pelleted 
seeds (both 96.5%) when tested per Kim et al. (2012) in a growth chamber germination test.  
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This high germination rate results in seed number being approximately equal to PLS, and so the 
former is reported throughout.  
Preemergence herbicides were applied and incorporated with tillage prior to planting.  
The herbicide mixture included 0.21 kg ai ha
-1
 mesotrione (Callisto
®
, Syngenta Crop Protection, 
Inc., Greensboro, NC, USA) + 1.68 kg ai ha
-1
 atrazine (AAtrex
®
, Syngenta Crop Protection, Inc.) 
+ 0.42 kg ai ha
-1
 quinclorac (Paramount
®
, BASF Corporation, Research Triangle Park, NC, 
USA).  This herbicide mixture was shown to be safe for preemergence application on seeded 
miscanthus in a greenhouse experiment (unpublished data).  A postemergence application of 1.69 
kg ai ha
-1
 acetochlor + 0.67 kg ai ha
-1
 atrazine (Harness
®
 Xtra, Monsanto Company, St. Louis, 
MO, USA) + 0.42 kg ai ha
-1
 quinclorac was made after the miscanthus had grown to 
approximately 30 cm tall on 19 July, 2011 and 10 July, 2012.  Quinclorac had already been 
shown to be safe on seedling miscanthus (unpublished data) and Harness
®
 Xtra is labeled for use 
on miscanthus at least 5 cm tall (Anonymous 2010).  Herbicides with foliar and residual activity 
were also applied at the beginning of the second year of each replication.  A tank mix of 1.69 kg 
ai ha
-1
 acetochlor + 0.67 kg ai ha
-1
 atrazine + 0.53 kg ae ha
-1
 2,4-D ester (Radar
TM
 LV, 
Growmark, Inc., Bloomington, IL, USA) was applied on 28 March and 18 May, 2012 and on 9 
Apr, 2013, minimizing recruitment of any new miscanthus seedlings from remnant planted or in 
situ produced seed.   
Stand counts were taken 1, 2, 4 and 8 weeks after emergence (WAE) by counting all 
plants in each plot.  At 8 WAE, plot frequency measurements were also taken using a modified 
frequency grid (Vogel & Masters 2001).  With a goal of 24,710 plants ha
-1
, or 0.4 m
2
 plant
-1
, a 
PVC grid was fabricated with four quadrants each 0.4 m
2
.  The grid was placed 1.0 m to the left 
and 0.5 m back from the front left corner of each plot, and the number of quadrants containing at 
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least one plant was recorded.  The grid was then flipped end-over-end seven times for a total of 
32 quadrants per plot.  The sum of all quadrants containing a plant was divided by 32 to obtain a 
percentage of area containing a plant in an optimal uniform stand.  Stand and frequency counts 
were also taken at the beginning of the second growing season on 26 April, 2012 and 14 May, 
2013.  Spring plant frequency data were then used to calculate plant density.   
Canopy closure during the second growing season was estimated by measuring the 
interception of photosynthetically active radiation (PAR) for each plot.  A ceptometer (AccuPar 
LP-80, Decagon Devices, Inc., Pullman, WA, USA) with 80 PAR sensors spaced 1 cm apart was 
placed at ground level to record light penetration at five locations within each plot — 1 m2 in 
from each corner and in the center, situated parallel with the front of each plot.  One above-
canopy PAR reading was taken for each plot with the ceptometer.  Measurements were taken 
within 3 h of solar noon each day when skies were clear.  Measurements were taken between 
early June and mid-September five times in 2012 and six times in 2013.  Canopy closure was 
estimated to be when 75% of PAR was intercepted.  The number of Julian days to canopy 
closure was then estimated from a plot of percent light interception over time.  If a plot never 
reached 75% PAR interception, it was assigned a value of 365 d. 
Aboveground biomass harvest was conducted after a killing frost at the end of the second 
growing season.  Killing frosts occurred on 10 November, 2012 and 21 October, 2013, and 
harvests were conducted on 30 November, 2012 and 15 November, 2013.  Miscanthus fresh 
weight yields were then determined by harvesting an area approximately 2.4 m wide by 4.8 m 
long in the center of each plot with a plot combine (Wintersteiger Cibus S harvester, 
Wintersteiger Inc., Salt Lake City, UT, USA, mounted with a C1200 forage chopper, 
Maschinenfabrik KEMPER GmbH & Co. KG, Stadtlohn, Germany) at a height of 10 cm.  
31 
 
Subsamples of approximately 0.5 kg harvested biomass were directly collected from the combine 
and dried at 60 °C for a minimum of 5 d and weighed to determine percent dry matter. 
Normality of the residuals and equality of the variances were evaluated using a boxplot of 
the residuals and a plot of the residuals against their predicted values in SAS software (SAS 9.2, 
SAS Institute Inc., ©2002–2008, Cary, NC, USA).  Data were analyzed in the MIXED procedure 
in SAS software at α = 0.05 with irrigation, seeding method, seeding rate and their interactions as 
fixed effects and year and spatial replication as random effects. Pair-wise differences from the 
MIXED procedure were used to create letter groupings of similar means using the PDMIX800 
macro (Saxton 1998) in SAS software.  Pearson product-moment correlation was used to identify 
significant correlations among all dependent variables using the CORR procedure in SAS 
software. 
 
Results 
Air temperatures did not deviate markedly from the 30-year normals for most months 
during the experiment (Fig. 2.1a).  In 2011, July was warmer than average, and March 2012 was 
much warmer than normal as were May and July.  Both 2011 and 2012 were unusually dry with 
2012 being severely impacted by drought in Urbana (Fig. 2.1b).  Although precipitation was 
normal the month after planting in 2011, total rainfall was 16 cm below normal from July 
through October.  Total precipitation from July 2011 to July 2012 was 37 cm below normal and 
16 cm below normal in the two months following planting in 2012.  Near-normal precipitation 
between planting and first signs of emergence occurred in both planting years.  However, rainfall 
was below normal in the two months following emergence, particularly in 2012.   
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Under these post-emergence drought conditions, stand establishment failure occurred in 
rainfed plots in both establishment years.  Robust weed control was observed (Fig. 2.2), 
eliminating this potentially confounding variable.  In 2011, plots in one block of the rainfed 
treatment at the end of the field that was lowest in elevation had reasonably good stand and plant 
frequency measurements (fall densities ranged from 6 to 97% for individual plots with an 
average of 44% when averaged across planting methods and seeding rates), and data were 
collected on those plots.  However, plots in the other two blocks in 2011 and all blocks in 2012 
had less than 20 plants, with most plots having no living plants (Fig. 2.2).  Therefore, data 
collection was discontinued from rainfed plots and irrigation was removed from the model.  Only 
data from irrigated plots will be presented. 
Because little winter kill was observed, and stand counts and plant frequency 
measurements taken in the fall were strongly correlated with those taken the following spring 
(r=0.95, P<0.0001 and r=0.89, P<0.0001, respectively), only spring counts are presented.  
Seeding rate, planting method, and their interaction term were all highly significant for plant 
count (Table 2.1).  The magnitude of the response to seeding rate was greater with hydroseeding 
treatments, particularly HydroPM, than with either drilling method for plant count (Fig. 2.3a), 
thus explaining the significance of the interaction term.  At 40 seeds m
-2
, Hydro and HydroPM 
produced 60,000 plants ha
-1
whereas both Drill 38 and Drill 76 produced just half that number.  
Hydro at 20 seeds m
-2
 produced 45% and 50% more plants than Drill 76 and Dill 38, 
respectively, at 40 seeds m
-2
. 
Seeding rate and planting method were highly significant for plant frequency, a measure 
of stand uniformity defined as the percentage of 0.4 m
2
 quadrats containing at least one plant 
(Table 2.1).  Though Hydro and HydroPM at 40 seeds m
-2
 resulted in the highest stand 
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uniformity (100% and 98%, respectively), they were not significantly different from the same 
planting methods at 20 seeds m
-2
 (Fig. 2.3b).  Hydro at 10 seeds m
-2
 and both drill methods at 40 
seeds m
-2
 all resulted in a plant frequency of over 75%. 
Seeding rate and planting method were highly significant for canopy closure in the 
second growing season (Table 2.1).  Julian days to canopy closure was moderately and strongly 
negatively correlated with plant count and frequency (r=-0.70, P<0.0001 and r=-0.83, P<0.0001, 
respectively).  Hydro and HydroPM at 40 seeds m
-2
 resulted in the shortest time to canopy 
closure (172 and 173 Julian days, respectively); however, these were not significantly different 
from Drill 38 at 40 seeds m
-2
, Hydro and HydroPM at 20 seeds m
-2
, or Hydro at 10 seeds m
-2
 
(Fig. 2.4).  Hydro plots achieved canopy closure 82 days earlier than Drill 76 plots when 
averaged across seeding rates.  When averaging hydroseeding methods together, canopy closure 
occurred 56 days earlier compared with drilling when averaged across drill spacing and seeding 
rates. 
Seeding rate was significant at α=0.05 and planting method was significant at α =0.10 for 
aboveground biomass yield (Table 2.1).  Second-year harvested biomass moisture content was 
27% for the 2011 seeding and 34% for the 2012 seeding when averaged across planting methods 
and seeding rates.  Biomass yield was weakly correlated with plant count and frequency (r=0.47, 
P<0.0001 and r=0.52, P<0.0001, respectively) and weakly negatively correlated with time to 
canopy closure (r=-0.59, P<0.0001).  Within-treatment variability was relatively high (1.7 Mg 
ha
-1
 standard error of the differences of means) (Fig. 2.5), despite the inclusion of two temporal 
and three spatial replicates.  Although HydroPM at 20 seeds m
-2
 produced the highest yield, it 
was not significantly different from any planting methods at 40 seeds m
-2
, Hydro and Drill 76 at 
20 seeds m
-2
, or Hydro at 10 seeds m
-2
.  Only the yields with the two drill methods at 10 seeds m
-2
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were significantly lower than any planting method at 40 seeds m
-2
 at the end of the second 
growing season. 
 
Discussion 
Seeded miscanthus was successfully established and second-year yields were similar to 
those for M.  giganteus cv. Illinois (Miguez et al. 2008).  However, limited soil moisture 
conditions associated with drought during the first two months from planting could be 
challenging for successful stand establishment for the second year biomass.   
Seedling emergence was delayed until 3 wks after planting under irrigated field 
conditions with generally less than 30% emergence and survival achieved.  Even in 2011 when 
precipitation was near normal during the month following planting, establishment failed in most 
non-irrigated plots coincident with above-average temperatures and drought-like conditions in 
the following two months.  Since the optimum temperature for germination with this miscanthus 
germplasm is roughly 28 °C (Xianming Duan, Mendel Biotechnology Inc., personal 
communication), future research will be needed to identify ideal planting timings in different 
regions to ensure adequate soil temperatures while taking advantage of spring precipitation.  
Clifton-Brown et al. (2011) observed high temperature requirements of > 25 °C in germination 
of M. sinensis, and concluded that direct-seeding of this potential biomass crop is currently 
impossible for much of Northern Europe.  While this experiment required 6–25% of seeds to 
grow to achieve the target density of 24,700 plants ha
-1
 under non-water-limiting conditions, 
exploring the impact of higher seeding rates for rain-fed seeded miscanthus would also be an 
appropriate avenue to explore due to the observed lower survival rate under rain-fed conditions. 
35 
 
The observed difficulty in establishing M.  giganteus from seed without irrigation, even 
with excellent selective weed control, is reassuring with respect to concerns over unintentional 
invasive spread outside of crop production.  Smith and Barney (2014) recently demonstrated that 
this seeded M.  giganteus emerged in multiple habitats, particularly where there was little 
competition, but these seedlings subsequently suffered 99.9% mortality within 6 months. 
Counter-intuitively, establishment requiring very precise conditions which only exist in a 
miscanthus farmers’ field would be an ideal scenario, if they can be created cost effectively.  
Using only miscanthus seeds that have been cleaned (i.e., palea and ciliate lemma removed) may 
provide such a scenario (Smith and Barney 2014). 
Under irrigated conditions, hydroseeding was generally more successful than drilling 
seeds with respect to stand count, plant frequency, and rate of canopy closure.  This may be due 
to a level of protection from seed and seedling desiccation afforded by the hydroseeding mulch, 
which was generally thick enough to only cover the soil surface.  Laboratory germination testing 
in this study and results from previous field work (unpublished data) did not show a difference 
between pelleted and unpelleted miscanthus seed, so it is unlikely that differences in germination 
were related to pelleting the seeds rather than the planting method.  Variability in planting depth 
with the seed drill, combined with small seed size, may also have resulted in seeds being buried 
too deep for successful emergence. Broadcasting was discounted from the current study due to a 
63 and 40% reduction in seedling emergence with broadcasted pelleted and unpelleted M. 
sinensis seed, respectively, compared with drilling at 1 cm depth (Christian et al., 2005).   
However, broadcasting miscanthus seeds with a sand or similar medium followed by rolling 
could minimize this variability in depth; future research is needed to determine the effectiveness 
of this planting method.  Wolf and Fiske (1995) and Monti et al. (2001) noted that rolling 
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following planting was important in establishing switchgrass.  Future analyses are also needed to 
determine the economic feasibility of these various establishment protocols under different 
landscapes, soil types and geoclimatic regimes. 
Plant frequency measurement protocols and analyses were based on our goal of 24,700 
plants ha
-1
 (10,000 plants ac
-1
).  This goal was achieved with all planting methods at 40 seeds m
-
2
, hydroseeding (Hydro and HydroPM) at 20 seeds m
-2
 and Hydro at 10 seeds m
-2
, with 
irrigation.  Previous recommendations for M.  giganteus cv. Illinois plantings suggested a 
planting rate of 17,215 propagules ha
-1
 (6,970 propagules ac
-1
) (Pyter et al. 2009).  Our goal of 
24,700 plants ha
-1
, compared with 17,215 propagules ha
-1
, was because the ultimate size and rate 
of spread of the seeded type were unknown.  All planting methods and seeding rates in the 
current experiment were successful in meeting the goal of 17,215 plants ha
-1
, except Drill 38 at 
10 seeds m
-2
, Drill 76 at 10 and 20 seeds m
-2
, and HydroPM at 10 seeds m
-2
.  These findings 
correlate well with those treatments that resulted in biomass yields that were not significantly 
different from the highest yields in this study (Fig. 2.5).  
The earliest canopy closure occurred in mid-June and early July during the second 
growing season, on average, in hydroseeded plots at 40 and 20 seeds m
-2
, respectively.  Hydro at 
10 seeds m
-2
 and Drill 38 at 40 seeds m
-2
 plots achieved canopy closure in late July followed by 
Drill 38 at 20 seeds m
-2
 and Drill 76 at 40 seeds m
-2
 in mid-August.  The benefits of early canopy 
closure include minimizing weed competition (Bullock et al. 1988; Knezevic et al. 2003), 
minimizing water loss due to evaporation from the soil surface (Chavez et al. 2008), and 
maximizing PAR interception and thus potential yield (Andrade et al. 2002; Balkcom et al. 
2011).   
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Observed seeded miscanthus yields of approximately 10 Mg ha
-1
 at the end of the second 
growing season (Fig. 2.5) are consistent with those seen with triploid M.  giganteus cv. Illinois 
(Miguez et al. 2008). Planting method and seeding rate impacts on second year aboveground 
biomass yield of seeded miscanthus are statistically detectible (Table 2.1; Fig. 2.5), but 
substantially less pronounced than stand count, uniformity (Fig. 2.3) and canopy closure (Fig. 
2.4). This demonstrates that seeded miscanthus has the potential to partially compensate with 
increased individual plant size, in response to lower plant density by the end of the second 
growing season. In a meta-analysis of triploid M.  giganteus (Miguez et al. 2008), second year 
yields responded to plant density < 40,000 plants ha
-1
, but these were not statistically detectible 
after the establishment phase as yields plateau (e.g. 4 years, Clifton-Brown et al. 2001).  Foster 
et al. (2013) found that seedling number in switchgrass increased from 2.2–11.2 kg PLS ha-1, but 
biomass yields were not significantly different at the end of the establishment year at two sites in 
southern Oklahoma, USA.  This growth plasticity can be seen in decreasing number of tillers and 
leaves per plant in response to higher plant density in switchgrass (Sanderson and Reed 2000).  
A reduction in yield in response to excessive plant density is expected, but this is less apparent 
for biomass yield than grain yield (e.g. corn; (Alessi & Power 1974). Such supra-optimum plant 
densities have yet to be identified in miscanthus and were not observed in this study, however 
with the expected reduction in propagule costs of seeded miscanthus, this becomes a relevant 
question. Despite this, since reseeding can increase production cost by 36% which is not 
recovered by increased yield (Perrin et al. 2008), it may be advantageous to err on higher initial 
seeding rates.  
Biomass yield for Hydro at 10 seeds m
-2
 was higher than Hydro at the two higher seeding 
rates although the differences were not significant.  There are several sources of variability that 
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could have accounted for this unpredicted result.  The plasticity of seeded miscanthus likely 
caused plots with lower plant density to produce biomass yields higher than was expected based 
on seeding rate.  Secondly, the seeds for this experiment were from a segregating population, and 
it is possible that even with thorough seed mixing that certain treatments may have ended up 
with a greater proportion of seeds from higher-yielding plants.   Thirdly, blocking in the east-
west direction likely did not account for all in-field variability as there was also a north-south 
yield gradation in the 2012–2013 field.  It is possible that plot randomization resulted in Hydro 
plots with 10 seeds m
-2
 being located in areas of the field with higher fertility. 
Establishment of perennial grass from seed under dry conditions can be challenging.  It is 
unlikely that grass crops grown for biofuels will be grown under irrigation due to the relatively 
brief period of greatest need during the establishment year and the high cost of an irrigation 
system compared with the price of biomass.  In this initial investigation in which water was 
either limiting or non-limiting, results clearly showed that adequate soil moisture was necessary 
for longer than 4 wks after planting under conditions extant during this experiment. In Illinois, 
M.  giganteus cv. Illinois is commonly planted from late March through mid-May using 
rhizomes or plugs.  Moisture from snow melt and rainfall is commonly available to these spring 
plantings, and even during dry springs, both rhizomes and plugs are able to access soil moisture 
and become established due to the ~10 cm planting depth of rhizomes and the ~12 cm-long plug 
root mass.  In fact, plugs planted during May 2011 (approximately 1 month before this study's 
2011 seeding) in an un-irrigated field at the same research farm established well (personal 
observations).  Future research with varying levels and timings of irrigation will be needed to 
better determine the water needs and optimum geographic regions for establishing this seeded 
crop.  
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With irrigation, both hydroseeding and seed drilling at 20 or 40 seeds m
-2
 resulted in 
adequate seeded miscanthus stand establishment to ensure second year biomass yields on par 
with M.  giganteus cv. Illinois.  Further research is needed to identify regions and improved 
agronomics to enable miscanthus direct-seeding without irrigation.   
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Tables and Figures 
Table 2.1  P-values (α = 0.05) from ANOVA for second year irrigated seeded miscanthus 
biomass yield components, pooled across two replicate planting seasons 
a
. 
Source of 
variation 
Plant count Plant frequency 
b
 Canopy closure 
c
 Biomass yield 
Seeding rate (SR) <0.0001 <0.0001 <0.0001 0.0157 
Planting method 
(PM) 
<0.0001 <0.0001 <0.0001 0.0872 
SR * PM 0.0043 0.3327 0.2515 0.1893 
a
 Seeding rates included 10, 20 and 40 seeds m
-2
.  Planting methods included hydroseeding with 
and without pre-moistening seeds and drilling at 38 and 76 cm row spacing. Plant count and plot 
frequency were measured in the spring, canopy closure during the summer, and biomass yield 
following a killing frost, all during the year following establishment. 
b
 Plant frequency as measured by percentage of 0.4 m
2
 quadrants with at least one plant. 
c
 Canopy closure as estimated by the number of Julian days to achieve 75% PAR interception. 
 
 
Fig. 2.1  Air temperature (a) and precipitation (b) conditions during 2011 to 2013 with 30-year 
normals for Urbana, IL.  Arrows represent planting dates for the first (red) and second (green) 
replications. 
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Fig. 2.2  Aerial photo of seeded miscanthus fields showing sufficient weed control and relative 
plant densities.  Differences between irrigated fields (a) are clearly distinguishable from non-
irrigated fields (b) in both planting years (2011 and 2012).  Photo taken August 2012, courtesy of 
Chris Rudisill. 
 
 
Fig. 2.3  Seeded miscanthus plant counts (a) and plant frequency (b) measurements taken in the 
spring following the year of establishment, pooled across two planting years.  Plant density was 
calculated based on plant frequency grid data and is shown for ease of interpretation.  Seeding 
rates included 10, 20 and 40 seeds m
-2
.  Planting methods included hydroseeding without 
(Hydro) and with (HydroPM) pre-moistening seeds and drilling at 38 cm (Drill 38) and 76 cm 
(Drill 76) row spacing.  Letter groupings denote differences among treatments at α = 0.05.  Bars 
represent SEM at α = 0.05. 
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Fig. 2.4  Rate of canopy closure in seeded miscanthus as estimated by 75% PAR interception 
during the year after establishment.  Seeding rates included 10, 20 and 40 seeds m
-2
.  Planting 
methods included hydroseeding without (Hydro) and with (HydroPM) pre-moistening seeds and 
drilling at 38 cm (Drill 38) and 76 cm (Drill 76) row spacing.  Months are displayed on the 
secondary y-axis for ease of interpretation.  Letter groupings denote differences among 
treatments at α = 0.05.  Bar represents SEM at α = 0.05.   
 
 
 
Fig. 2.5  Aboveground seeded miscanthus biomass yield harvested after a killing frost the year 
after establishment.  Seeding rates included 10, 20 and 40 seeds m
-2
.  Planting methods included 
hydroseeding without (Hydro) and with (HydroPM) pre-moistening seeds and drilling at 38 cm 
(Drill 38) and 76 cm (Drill 76) row spacing.  Letter groupings denote differences among 
treatments at α = 0.05.  Bar represents SEM at α = 0.05. 
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Abstract 
Perennial grasses are expected to comprise a substantial portion of the lignocellulosic 
biomass to meet renewable energy mandates in the U.S. in the next decade.  As most warm-
season grasses are often slow to establish from seed, plantings are often compromised by weed 
interference during the establishment year.  Greenhouse experiments were conducted to 
determine the tolerance of switchgrass and prairie cordgrass to several herbicides applied PRE or 
POST (3 or 6 wks after planting under low or high light intensity).  Preemergence atrazine up to 
1.684 kg ai ha
-1
 in switchgrass and quinclorac up to 0.279 kg ai ha
-1
 in prairie cordgrass did not 
significantly reduce emergence, plant height, or biomass yield 8 wks after treatment.  When 
treatments were applied 3 wks after planting under low light conditions, only atrazine (up to 
1.123 kg ai ha
-1
) did not reduce switchgrass fresh weight and only 2,4-D ester (up to 0.533 kg ae 
ha
-1
), nicosulfuron (0.018 kg ai ha
-1
), and quinclorac (0.140 kg ai ha
-1
) did not significantly 
reduce prairie cordgrass yield.  Phytotoxic effects decreased for all herbicides with increasing 
irradiance and time interval between planting and treatment for both species, and all herbicide 
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treatments were safe with respect to biomass yield on the respective grasses when applied 6 wks 
after planting under high light conditions.  These results show that viable PRE and POST 
herbicide options exist for weed control during establishment of switchgrass and prairie 
cordgrass, although no options were identified that did not significantly reduce biomass yield in 
a mixture planting of both grasses. 
 
Introduction 
Production of lignocellulosic biomass feedstocks in the U.S. is expected to increase as the 
demands for advanced biofuels and low-carbon electricity generating fuel sources increase.  
According to the most recent version of the Renewable Fuel Standard (RFS2) (Schnepf and 
Yacobucci 2013), 60.5 billion L of ethanol-equivalent cellulosic biofuels will be required to be 
blended into transportation fuels by 2022 as mandated by the Energy Independence and Security 
Act of 2007 (EISA 2007).  To meet this mandate, over 195 million Mg of biomass will need to 
be produced annually, assuming a conversion factor of 310 L per Mg of biomass in a sugars-to-
ethanol biochemical conversion process (Somerville et al. 2010).  Although agricultural and 
forestry residues constitute the majority of biomass currently available, energy crops are 
expected to be the largest single source by 2022 (USDA 2011).   
Switchgrass is a perennial, warm-season, C4 grass native to the U.S. (Hitchcock 1971).  
The U.S. Department of Energy has identified switchgrass as a model energy crop due to its high 
biomass yields and its adaptability to a wide range of soil types and climatic conditions (Lynd et 
al. 1991; Sanderson et al. 1996).  Switchgrass populations occur as lowland (typically originating 
geographically <40°N, higher yielding with less drought tolerance) or upland (usually 
originating geographically >40°N, generally lower yielding with higher drought tolerance) 
48 
 
ecotypes (Parrish et al. 2008; Parrish and Fike 2009).  Economic viability of switchgrass grown 
for bioenergy is dependent on successful stand establishment (Perrin et al. 2008), and weed 
control is typically a critical factor (Boydston et al. 2010; Martin et al. 1982; Miesel et al. 2012; 
Mitchell et al. 2010; Parrish et al. 2008; Vogel 1987).   
Several studies have been done to determine effective chemical weed control options in 
switchgrass. Switchgrass was tolerant of atrazine applied PRE on clay loam or silty clay loam 
soils at 2.2 and 3.0 kg ai ha
-1
 (Vogel 1987) and as high as 3.4 kg ai ha
-1
 (Martin et al. 1982).  A 
PRE tank mixture of atrazine + quinclorac (1.1 and 0.56 kg ai ha
-1
, respectively) provided good 
weed control and was safe on several upland and lowland switchgrass cultivars (Mitchell et al. 
2010).  Hintz et al. (1998) found that atrazine applied PRE (2.8 kg ai ha
-1
) provided sufficient 
weed control and successful switchgrass establishment.  However, McKenna et al. (1991) found 
that atrazine applied at 1.1 or 2.2 kg ai ha
-1
 reduced switchgrass growth the year of establishment 
and the higher rate reduced yields the year after establishment.  A POST application of 2,4-D 
amine + dicamba (each at 0.28 kg ae ha
-1
) with or without atrazine (1.1 kg ai ha
-1
) + quinclorac 
(0.42 kg ai ha
-1
) was safe on switchgrass when applied about 6 wks after seeding, although the 
application including atrazine and quinclorac provided better weed control and generally higher 
switchgrass yields (Curran et al. 2012).   
Although atrazine can be used for effective weed control in switchgrass, its application is 
restricted in several regions and soil types in the U.S.  Therefore, it is imperative that other 
herbicide options are available for a wide range of soils, climates, weed types and management 
situations.  Pendimethalin applied PRE or POST at 0.74 to 1.1 kg ai ha
-1
 provided excellent weed 
control, but severely impacted the establishing switchgrass stands on sandy soils (Fransen et al. 
2006).  Pendimethalin applied PRE or at the 1-leaf stage (at 0.67 and 1.0 kg ai ha
-1
, respectively) 
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significantly injured and reduced stands of both upland and lowland switchgrass (Boydston et al. 
2010).  Minelli et al. (2004) also found that pendimethalin applied PRE (1.23 kg ai ha
-1
) reduced 
switchgrass emergence by over 50%.  Mesotrione (0.07 kg ai ha
-1
) significantly injured and 
reduced yields of switchgrass, especially upland cultivars, while quinclorac (0.56 kg ai ha
-1
) was 
safe when applied at the 4- to 6-leaf stage (Boydston et al. 2010).  Quinclorac is labeled for use 
on switchgrass grown for seed when applied at 0.28 kg ai ha
-1
 (Anonymous 2008b).   
Various herbicides that inhibit acetolactate synthase (ALS) have been evaluated for 
potential use in switchgrass.  McKenna et al. (1991) found that two POST applications of 
nicosulfuron (0.020 kg ai ha
-1
) plus dicamba (0.028 kg ai ha
-1
) plus MCPA (0.318 kg ai ha
-1
) 
provided the best weed control and the highest switchgrass biomass yields.  Nicosulfuron can be 
applied to switchgrass grown as a biofuel feedstock in Tennessee at the 2-leaf stage or later at 
0.035 kg ai ha
-1
 (Anonymous 2008a).  Imazapyr and imazethapyr applied PRE and imazethapyr 
applied POST (each at 0.045, 0.070, and 0.110 kg ai ha
-1
) produced varied results at different 
sites but generally improved switchgrass establishment compared with a non-treated control.  
Imazethapyr (0.07 and 0.14 kg ai ha
-1
) applied at the 3- to 5-leaf stage of switchgrass stunted 
plant height, but also increased plant density and biomass yield compared with a non-treated 
control (Wilson 1995).  Imazapic (0.035 kg ai ha
-1
) significantly reduced switchgrass stands at 
two of three locations in the upper Great Plains and was not recommended for weed control 
during switchgrass establishment (Mitchell et al. 2010). 
Prairie cordgrass is a perennial, rhizomatous, C4 grass that is native to most of the U.S. 
and Canada to 60°N latitude.  Prairie cordgrass has produced comparable yields (Madakadze et 
al. 1998) and even outperformed switchgrass in biomass production on well-drained (Boe and 
Lee 2007) and marginal soils (Boe et al. 2009).  Prairie cordgrass grows taller and more rapidly 
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than other prairie grasses and has an aggressive rhizome system, allowing it to form dense pure 
stands (Boe et al. 2009; Weaver 1954).  Therefore, weed control is generally not necessary in 
mature stands.  During the establishment year, prairie cordgrass seed often germinates 
throughout the summer and seedling vigor is only moderate (Jensen 2006), so season-long weed 
control is critical.  Few studies have been reported that describe herbicide phytotoxicity on 
prairie cordgrass.  Sekutowski and Dziagwa (2012) found that foramsulfuron + iodosulfuron 
(0.045 and 0.002 kg ai ha
-1
, respectively) effectively controlled grass and broadleaf weeds, but 
significantly injured prairie cordgrass in a field study near Wroclaw, Poland.  Both iodosulfuron 
+ propoxycarbazone + amidosulfuron (0.002, 0.042 and 0.018 kg ai ha
-1
, respectively) and 
especially sulcotrione (0.45 kg ai ha
-1
) produced initial injury symptoms (primarily leaf 
chlorosis) that subsided within 4 wks after treatment; however, neither provided satisfactory 
weed control.  If prairie cordgrass is to be planted at agronomic scale as a biomass feedstock in 
the U.S., research will be needed to identify herbicide options and other methods of weed 
control.   
Herbicide options for switchgrass are fairly well known, and several herbicides are 
currently labeled for use in switchgrass, generally at the 3 to 4 leaf stage.  However, much less is 
known about herbicide options for use in prairie cordgrass establishment.  An ideal weed control 
system would include herbicides safe to use in both of these grasses since mixture plantings are 
often desirable to maximize yield and minimize year-to-year variability of biomass production 
(Hong et al. 2013; Tilman 1996; Tilman et al. 1996).  The objectives of the current experiments 
were to determine switchgrass and prairie cordgrass tolerance of various herbicides applied PRE 
at different rates and herbicides applied POST at different rates, light intensities and time 
intervals following planting under greenhouse conditions. 
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Materials and Methods 
Response to PRE herbicides 
A greenhouse experiment was designed as a randomized complete block with four 
replications in space and three replications in time.  A mix of soil, peat and torpedo sand medium 
(1:1:1 by wt) was prepared with the addition of dolomitic lime, phosphate (0-46-0), gypsum, and 
MgSO4 (2.7, 1.1, 1.6 and 1.1 kg m
-3
, respectively).  Seeds were planted at a depth of 3 mm with 
20 switchgrass or prairie cordgrass seeds per 12.7 x 12.7 x 5.7 cm cell.  Herbicides evaluated and 
their respective 1 rates are presented in Table 3.1.  Application rates were 1/2 and 1 of 
recommended labeled rates for corn (Zea mays L.), when applicable, grown in silt loam or silty 
clay loam with 2–3% soil organic matter.  Treatments were applied the day of planting using a 
compressed air spray chamber (Allen Machine Works, 607 E. Miller Rd., Midland, MI 48640) 
calibrated to deliver 187 L ha
-1
 at 207 kPa through a traveling nozzle (XR80015) (TeeJet 
Technologies, P.O. Box 7900, Wheaton, IL 60189-7900) maintained 45 cm above the soil 
surface. Cells were irrigated with 2 cm of water immediately after treatment to incorporate the 
active ingredients, then at least daily for the duration of the experiment.  
Temperature was maintained between 16 and 30 °C during the night and day, 
respectively, throughout the experiment.  High-intensity-discharge high pressure sodium lamps 
(STIM-U-Lyte GR-HPS-1000W, Voigt Lighting, 79 Commerce St., Garfield, NJ 07026) 
provided supplementary lighting (450 μmol m-2 s-1 photon flux at plant canopy level) when 
necessary for up to 14 hr d
-1
.  Plant emergence, height of the tallest shoot, and visual assessment 
of herbicide injury were recorded at 1, 2, 4 and 8 wks after treatment (WAT). Herbicide injury 
was rated on a scale from 0 (no green tissue) to 100 (only green tissue) to allow for more 
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understandable presentation of data as percentages of non-treated controls. Following the final 
evaluation, plants were cut at the soil level and weighed, and select samples were then dried at 
60 °C for at least 48 hr to determine correlation between fresh and dry weights.  Only data from 
8 WAT are presented. 
Response to POST herbicides 
A greenhouse experiment was conducted as a factorial within a randomized complete 
block design with four replications in space and two replications in time.  Switchgrass and prairie 
cordgrass seeds were planted according to the protocol for the PRE herbicides experiment.  
Herbicides evaluated and their respective 1 rates are listed in Table 3.1.  Herbicides were 
applied at ½ and 1 rates at 3 or 6 wks after planting (WAP).  Herbicide application and 
watering procedures followed the protocol for the PRE herbicides experiment except that 
watering was withheld for 24 h following treatment to allow for foliar absorption of herbicides.  
Cells were then watered at least daily for the remainder of the experiment.  Height of the tallest 
shoot, herbicide injury ratings and tissue weight were measured according to the procedure for 
the PRE herbicides experiment at 1, 2, 4 and 8 WAT.  Only final measurements at 8 WAT are 
presented. 
Plant emergence began 3 to 5 d after planting for the first replication but was delayed 
until 7 to 10 d after planting for the second replication of the experiment.  Plant responses to 
various herbicide treatments were also significantly different between the two replications.  It 
was hypothesized that environmental conditions were influencing the results as one replication 
was conducted in late winter to early spring and the other during the summer.  Light 
measurements showed that irradiance of photosynthetically active radiation at bench level for an 
8-hour period surrounding solar noon was 4,577 W m
-2
 for a sunny day during the summer 
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period and 3,301 W m
-2
 during the winter-spring period.  Due to this 39% difference in light 
intensity, it was therefore decided to replicate the experiment once more under each light regime 
and add light level (low and high) to the statistical model.  Temperatures were maintained 
between 30 °C during the day and 16 °C at night throughout the experiment.   
Statistical analysis 
Data for each species and each experiment (PRE and POST) were analyzed separately.  
For the PRE experiment, herbicide treatment was considered a fixed effect while replication and 
block were considered random effects.  For the POST experiment, light regime, application 
timing, herbicide treatment and their interactions were considered fixed effects while replication 
and block were considered random effects.  Normality of the residuals was evaluated using box 
plots in the UNIVARIATE procedure and equality of the variances was evaluated using plots of 
the observed versus predicted residuals in SAS (SAS Institute, 2008. The SAS System for 
Windows, Version 9.2. SAS Institute, Inc., Cary, NC).  All data were analyzed at α = 0.05 using 
the MIXED procedure of SAS.  Pair-wise differences from the MIXED procedure were used to 
create letter groupings of similar means using the PDMIX800 macro in SAS (Saxton 1998). 
Pearson product–moment correlation was used to identify significant correlations among all 
quantitative dependent variables and Spearman rank-order correlation was used to identify 
correlations with injury rating using the CORR procedure in SAS.   
 
Results and Discussion 
Response to PRE herbicides 
Herbicide treatment was highly significant for all dependent variables tested in both 
switchgrass and prairie cordgrass (Table 3.2).  Because biomass fresh weight was highly 
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correlated with dry weight for switchgrass and prairie cordgrass (0.98, P<0.0001 and 0.81, 
P<0.0001, respectively), only fresh weights are presented.  Plant emergence in switchgrass was 
not statistically different from the non-treated control with atrazine, simazine, imazapic and 
imazethapyr at both rates tested (Table 3.3).  Emergence was not significantly reduced at the ½ 
rate with mesotrione, pendimethalin, quinclorac and sulfentrazone + chlorimuron ethyl compared 
with the control.  Only sulfosulfuron at both rates and sulfentrazone + chlorimuron ethyl at the 
1 rate caused significant visible injury to switchgrass as measured at 8 WAT.  Visible injury 
symptoms included chlorosis and bleaching (stunting was not considered in the ratings since 
plant height was measured separately).  Plants generally outgrew bleaching effects within 4 
WAT.  Visible injury ratings were only weakly correlated with any other parameter (e.g., 
correlation of injury to fresh weight was -0.48, P<0.0001).  Atrazine, imazethapyr, 
pendimethalin, and quinclorac did not significantly reduce plant height compared with the non-
treated control at both rates.  However, only atrazine at both rates tested and imazethapyr and 
quinclorac at the ½ rate did not significantly reduce aboveground biomass fresh weight 
compared with the non-treated control.   
Results showed that atrazine applied PRE was safe on switchgrass at both rates tested 
which confirms several previous studies (Curran et al. 2012; Martin et al. 1982; Mitchell et al. 
2010; Vogel 1987).  However, all other herbicides significantly impacted all measured plant 
growth components at the rates tested.  Several herbicides proved to be marginally safe and may 
be considered in certain weed management situations, including imazapic, imazethapyr, 
pendimethalin, quinclorac and simazine.  However, field testing is needed to determine plant 
response and herbicide impact on biomass end-of-season yield as previous studies have shown 
pendimethalin (Boydston et al. 2010; Fransen et al. 2006; Minelli et al. 2004), imazethapyr 
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(Masters et al. 1996) and imazapic (Mitchell et al. 2010) produced negative or mixed phytotoxic 
responses. 
Emergence in prairie cordgrass was not statistically different from the non-treated control 
with sulfosulfuron, quinclorac, pendimethalin, imazapic or sulfentrazone + chlorimuron ethyl at 
the rates tested (Table 3.3).  Although atrazine at the ½ rate did not significantly reduce 
emergence, treatment with the 1 rate reduced prairie cordgrass emergence by 76%.  Visible 
injury was not correlated with any other measured parameter (e.g., correlation between injury 
and fresh weight was -0.03, P=0.67).  Atrazine, mesotrione + atrazine, pendimethalin, 
quinclorac, simazine, and sulfentrazone + chlorimuron ethyl did not cause significant visible 
injury at both rates tested.  Imazethapyr and sulfosulfuron produced an acceptable level of injury 
(i.e., less than 25% non-green tissue) at both rates tested, although injury was statistically 
different from the non-treated control at the 1 rate.  Percent green tissue with imazapic at the 
½ rate was lower than at the 1 rate due to unusually low ratings in one replication.  
Pendimethalin, mesotrione, quinclorac, sulfosulfuron and sulfentrazone + chlorimuron ethyl did 
not significantly reduce plant height compared with the non-treated control at both rates.  
However, similar to biomass yield with switchgrass, most herbicides significantly reduced fresh 
weight except quinclorac at both rates, and mesotrione, sulfosulfuron and pendimethalin at the 
½ rate.   
These results show that quinclorac, sulfosulfuron, pendimethalin and possibly mesotrione 
are good candidates for preemergence weed control in prairie cordgrass seeding, although 
biomass yield at 8 WAT declined 10–30% with the 1 rate under greenhouse conditions.  Field 
experiments are needed to determine weed-control efficacy and impact on prairie cordgrass 
growth.   
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Unfortunately, none of the tested PRE herbicides were safe on both switchgrass and 
prairie cordgrass under greenhouse conditions.  Weed control in plantings that include both of 
these grasses will likely be difficult during the establishment year.  Quinclorac and 
pendimethalin, along with atrazine at lower application rates, appear to be the best options in a 
mixture planting, but higher seeding rates may be necessary to ensure adequate stand 
establishment. 
Response to POST herbicides 
Herbicide treatment was highly significant for all dependent variables and their 
interactions in switchgrass and all but three-way interactions in prairie cordgrass (Table 3.2).  
The trend for all parameters in both species was increasing means compared with non-treated 
controls from low to high light conditions and from 3 to 6 WAP herbicide applications:  low 
light 3 WAP < low light 6 WAP < high light 3 WAP < high light 6 WAP.  This trend correlated 
well with the height and leaf number at the time of herbicide application (Table 3.4).  There 
were, however, several instances where measured parameters did not follow this pattern.  Since 
there was no consistent pattern across variables for any herbicide treatment other than the one 
previously described, it is assumed that deviations from that trend were due to variability in 
genotype, greenhouse bench conditions, herbicide application uniformity, or some combination 
of these conditions. 
Switchgrass treated with atrazine or prodiamine exhibited very little or no visible injury 
symptoms at both rates tested for all levels of light and timing (Table 3.5).  All other herbicide 
treatments resulted in significant injury under low light at both application timings and rates 
except for acetochlor at ½ at 6 WAP.  However, all herbicide treatments were safe on 
switchgrass at both application rates at high light 6 WAP.  Visible injury was negatively 
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correlated with plant height in switchgrass (-0.61, P<0.0001).  Switchgrass height was also not 
significantly affected by atrazine or prodiamine under all tested light and timing combinations.  
As with visible injury, the impact of all herbicide treatments on height decreased as the pre-
treatment height increased, and all herbicide treatments were safe on switchgrass at high light 6 
WAP.   
Fresh weight was highly correlated with dry weight in switchgrass and prairie cordgrass 
(0.95, P<0.0001 and 0.97, P<0.0001, respectively), and only fresh weight data are presented.  
Fresh weight was highly correlated with height (0.86, P<0.0001) and negatively correlated with 
visible injury (-0.71, P<0.0001) in switchgrass.  Atrazine and prodiamine did not significantly 
reduce switchgrass fresh weight at any level of rate, light or timing compared with the non-
treated control (Table 3.5).  The same general trend with increasing means with increasing light 
and time after planting was observed with fresh weight.  Certain herbicide treatments, including 
those with acetochlor with and without atrazine, were also generally safe with respect to fresh 
weight at low light 6 WAP and high light 3 WAP.  No fresh weights were significantly lower 
than the non-treated control when herbicides were applied at high light 6 WAP.   
Prairie cordgrass treated with quinclorac or 2,4-D ester at both rates and nicosulfuron at 
the ½ rate at low light 3 WAP (Table 3.6) exhibited little or no visible injury.  At low light 6 
WAP, only herbicide treatments containing acetochlor produced unacceptable levels of injury.  
At high light 3 WAP, only atrazine and acetochlor + atrazine at the 1 rate produced 
unacceptable levels of injury, and all herbicide treatments were safe on prairie cordgrass when 
applied at high light 6 WAP. 
Visible injury was only weakly negatively correlated with prairie cordgrass plant height 
(-0.57, P<0.0001).  Plant height was not significantly reduced compared with the non-treated 
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control with quinclorac or 2,4-D ester at both rates and with nicosulfuron and prodiamine at the 
½ rate when applied at low light 3 WAP (Table 3.6).  Only herbicide treatments containing 
acetochlor significantly reduced plant height when applied at low light 6 WAP.  Acetochlor also 
significantly reduced plant height compared with the non-treated control under high light 
conditions at 6 WAP (except acetochlor at the ½ rate), although they were not significantly 
different at 3 WAP due to the comparison with the relatively tall plants treated with quinclorac.   
Fresh weight was highly correlated with height (0.82, P<0.0001) and negatively 
correlated with visible injury (-0.63, P<0.0001) in prairie cordgrass.  Only 2,4-D ester at both 
rates and quinclorac and nicosulfuron at the ½ rate did not reduce biomass yield significantly at 
low light 3 WAP (Table 3.6).  Fresh weight response to herbicides was varied at low light 6 
WAP and high light 3 WAP.  Fresh weight was not reduced by 2,4-D ester except for the 
uncharacteristically low yield at the ½ rate at high light 3 WAP; fresh weights for one 
replication were consistently low compared with the 1 rate suggesting an application error.  
Nicosulfuron was safe at both rates at low light 6 WAP but at neither rate at high light 3 WAP, 
while response to quinclorac was the opposite.  Atrazine did not significantly reduce fresh 
weight only at the ½ rate at low light 6 WAP and high light 3 WAP.  Differences in fresh 
weight between all herbicide treatments and the non-treated control were not statistically 
significant at high light 6 WAP. 
Only atrazine at both rates did not significantly reduce switchgrass fresh weight at the 2 
to 3 leaf stage (approximately 10 cm, low light 3 WAP).  Once switchgrass reached the 2 to 4 
leaf stage (20 to 30 cm, low light 6 WAP to high light 3 WAP), atrazine, prodiamine and 
acetochlor with or without atrazine did not significantly reduce fresh weight at the application 
rates tested (except acetochlor + atrazine at the 1 rate at the lower end of growth stage).  
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However, biomass yields were reduced by as much as 40% with acetochlor treatments at the 
lower end of this growth stage.  If sufficient PRE weed control can be achieved with atrazine (or 
perhaps quinclorac, imazethapyr, pendimethalin or imazapic) and switchgrass reaches the 4 to 5 
leaf stage (roughly 60 cm, high light 6 WAP), then all tested POST-applied herbicides may be 
viable options for PRE or POST weed control.  In addition, pendimethalin, a microtubule 
assembly disruptor similar to prodiamine, produced similar results to prodiamine when applied 
POST (same rates as were applied in the PRE experiment) under high light conditions to both 
switchgrass and prairie cordgrass (unpublished data). 
With prairie cordgrass, 2,4-D ester at both rates and nicosulfuron and quinclorac at the 
½ rate did not significantly reduce fresh weight at the 2 to 3 leaf stage (approximately 15 cm, 
low light 3 WAP).  At the 3-5 leaf stage (roughly 30 to 40 cm, low light 6 WAP to high light 3 
WAP), 2,4-D ester did not significantly reduce fresh weight at either rate, assuming the ½ rate 
data at high light 3 WAP were outliers.  Wolf and Fiske (1995) suggested that 2,4-D or dicamba 
could be used to control broadleaf weeds during the year of establishment but only after 
switchgrass has four fully expanded leaves, similar to recommendations for other perennial 
grasses (Scheinost et al. 2008).  Atrazine, nicosulfuron, quinclorac and prodiamine may also be 
potential candidates, although their impact on prairie cordgrass growth was variable at this stage.  
If weeds can be controlled PRE with quinclorac, sulfosulfuron or pendimethalin until the 5-6 leaf 
stage in prairie cordgrass (approximately 65 cm, high light 6 WAP), all tested POST-applied 
herbicides were shown to be safe with regards to biomass yield for PRE or POST weed control.  
Again, field testing is needed to confirm the results obtained from these greenhouse experiments.   
These results show that viable PRE and POST herbicide options exist for weed control 
during establishment of switchgrass and prairie cordgrass.  Although no options were identified 
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that did not significantly reduce biomass yield in both grasses simultaneously, viable PRE 
options may include quinclorac and pendimethalin and viable POST options may include 2,4-D, 
nicosulfuron, quinclorac, prodiamine and pendimethalin in a mixture planting. 
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Tables 
Table 3.1 Herbicide treatments applied to switchgrass and/or prairie cordgrass 
Common name 
1 Rate 
kg ai (ae) ha
-1
 
Application 
timing 
Trade name Manufacturer City, state 
2,4-D ester 
a
 0.533 (ae) POST Weedone Nufarm Burr Ridge, IL 
Acetochlor 1.670 POST Harness 
Monsanto 
Company 
St. Louis, MO 
Acetochlor + atrazine 1.670 + 1.123 POST Harness Xtra 
Monsanto 
Company 
St. Louis, MO 
Atrazine 1.684 PRE AAtrex 
Syngenta Crop 
Protection 
Greensboro, NC 
Atrazine 1.123 POST AAtrex 
Syngenta Crop 
Protection 
Greensboro, NC 
Imazapic 0.070 (ae) PRE Plateau BASF 
Research Triangle 
Park, NC 
Imazethapyr 0.070 (ae) PRE Pursuit BASF 
Research Triangle 
Park, NC 
Mesotrione 0.105 PRE Callisto 
Syngenta Crop 
Protection 
Greensboro, NC 
Mesotrione + atrazine 0.105 + 1.684 PRE Callisto Xtra 
Syngenta Crop 
Protection 
Greensboro, NC 
Nicosulfuron 
b
 0.035 POST Accent 
E. I. du Pont de 
Nemours and 
Company 
Wilmington, DE 
Pendimethalin 1.600 PRE Prowl H2O BASF 
Research Triangle 
Park, NC 
Prodiamine 0.737 PRE, POST Barricade 
Syngenta Crop 
Protection 
Greensboro, NC 
Quinclorac 
c
 0.279 PRE, POST Paramount BASF 
Research Triangle 
Park, NC 
S-metolachlor + mesotrione + atrazine 
2.257 + 0.226 + 
0.842 
POST Lumax 
Syngenta Crop 
Protection 
Greensboro, NC 
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Table 3.1 (cont’d.) 
Simazine 2.245 PRE Princep 
Syngenta Crop 
Protection 
Greensboro, NC 
Sulfentrazone + chlorimuron ethyl 0.209 + 0.026 PRE Authority XL FMC Philadelphia, PA 
Sulfosulfuron 
a,d
 0.074 PRE, POST Certainty 
Monsanto 
Company 
St. Louis, MO 
Thiencarbazone-methyl + isoxaflutole 
a
 0.037 + 0.092 POST Corvus 
Bayer 
CropScience 
Research Triangle 
Park, NC 
a
 Includes ammonium sulfate @ 2.5% v/v when applied POST 
b
 Includes crop oil concentrate @ 1% v/v 
c
 Includes methylated seed oil @ 1% v/v when applied POST 
d
 Includes nonionic surfactant @ 0.25% v/v when applied POST
 
 
Table 3.2  Probability values for significance of fixed effects on plant growth response characteristics of switchgrass and prairie 
cordgrass (α = 0.05) a 
 - - - - - - - - - - - - - Switchgrass - - - - - - - - - - - - - - - - - - - - - - - - Prairie cordgrass - - - - - - - - - - - 
Variables 
b
 Emergence 
Green 
tissue 
Plant 
height 
Fresh 
weight 
Emergence 
Green 
tissue 
Plant 
height 
Fresh 
weight 
 Preemergence 
Herbicide <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.0003 <0.0001 <0.0001 
 Postemergence 
Light — <0.0001 <0.0001 <0.0001 — <0.0001 <0.0001 <0.0001 
Timing — <0.0001 <0.0001 <0.0001 — <0.0001 <0.0001 <0.0001 
Light*Timing — 0.0037 <0.0001 <0.0001 — <0.0001 <0.0001 0.0008 
Herbicide — <0.0001 <0.0001 <0.0001 — <0.0001 <0.0001 <0.0001 
Light*Herbicide — <0.0001 <0.0001 <0.0001 — <0.0001 <0.0001 <0.0001 
Timing*Herbicide — <0.0001 <0.0001 <0.0001 — <0.0001 <0.0001 <0.0001 
Light*Timing*Herbicide — <0.0001 0.0004 <0.0001 — 0.0922 0.4827 0.2999 
a
 Growth characteristics were analyzed as percentages of the non-treated controls 
b
 Herbicide treatment included the herbicide used and the application rate; Light levels included low and high; Timing of the 
herbicide treatment included 3 and 6 weeks after planting 
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Table 3.3  Emergence, herbicide injury, plant height and fresh weight of switchgrass as percentages of the non-treated 
controls following PRE treatments at two herbicide rates.  
Herbicide treatment Rate Emergence 
a
 Green tissue 
b
 Plant height Fresh weight 
 
kg ai (ae) ha
-1
 
 
 Switchgrass 
Non-treated control — 100 AB 100 A 100 A 100 A 
Atrazine  0.842 103 AB 100 A 82 ABCD 103 A 
 
1.684 106 A 100 A 96 A 97 AB 
Imazapic  0.035 90 ABCD 97 A 62 CDEF 38 GHIJ 
 
0.070 (ae) 79 ABCDE 94 A 70 BCDE 52 DEFGH 
Imazethapyr  0.035 92 ABC 100 A 90 AB 84 ABC 
 
0.070 (ae) 81 ABCDE 94 A 75 ABCDE 40 FGHIJ 
Mesotrione  0.053 90 ABCD 89 AB 82 ABCD 72 BCDE 
 
0.105 54 EFGH 87 ABC 54 EFG 32 HIJK 
Mesotrione + atrazine  
0.053 + 
0.842 
53 EFGH 90 AB 63 CDEF 48 EFGHI 
 
0.105 + 
1.684 
43 GH 98 A 37 FGH 23 IJK 
Pendimethalin  0.800 81 ABCDE 100 A 84 ABCD 67 CDEF 
 
1.600 67 CDEFG 100 A 81 ABCD 53 DEFGH 
Prodiamine  0.369 32 HI 100 A 52 EFGH 21 IJK 
 
0.737 9 I 100 A 29 GHI 8 K 
Quinclorac  0.140 77 BCDE 97 A 86 ABCD 76 ABCD 
 
0.279 71 CDEF 100 A 87 ABC 61 CDEFG 
Simazine  1.123 101 AB 100 A 61 CDEF 54 DEFGH 
 
2.245 91 ABC 100 A 60 DEF 37 GHIJ 
Sulfentrazone + chlorimuron 
ethyl  
0.105 + 
0.013 
80 ABCDE 89 AB 27 HI 15 JK 
 
0.209 + 
0.026 
45 FGH 78 BC 8 I 5 K 
Sulfosulfuron  0.037 71 CDEFG 75 C 30 GHI 18 JK 
 
0.074 63 DEFG 56 D 9 I 7 K 
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Table 3.3 (cont’d.) 
Herbicide treatment Rate Emergence 
a
 Green tissue 
b
 Plant height Fresh weight 
 
kg ai (ae) ha
-1
 
 
 
Prairie cordgrass 
Non-treated control — 100 A 100 A 100 ABCD 100 A 
Atrazine  0.842 81 ABC 100 A 82 BCDEFG 50 DEFG 
 
1.684 24 H 92 ABC 47 IJ 14 IJ 
Imazapic  0.035 83 ABC 72 DE 63 FGHI 44 EFGH 
 
0.070 (ae) 77 ABCD 89 ABC 46 IJ 29 GHI 
Imazethapyr  0.035 74 BCDE 83 BCD 86 ABCDEF 60 CDEF 
 
0.070 (ae) 79 ABC 78 CD 54 HIJ 31 GHI 
Mesotrione  0.053 87 ABC 94 ABC 105 AB 86 AB 
 
0.105 65 CDE 83 BCD 95 ABCDE 64 BCDE 
Mesotrione + atrazine  
0.053 + 
0.842 
49 EFG 97 AB 76 CDEFGH 25 HIJ 
 
0.105 + 
1.684 
24 GH 95 ABC 19 K 3 J 
Pendimethalin  0.800 90 ABC 100 A 109 A 82 ABC 
 
1.600 83 ABC 97 AB 102 ABC 73 BCD 
Prodiamine  0.369 52 DEF 94 ABC 75 DEFGH 28 GHI 
 
0.737 38 FGH 61 E 34 JK 13 IJ 
Quinclorac  0.140 90 ABC 86 ABCD 101 ABC 96 A 
 
0.279 86 ABC 86 ABCD 92 ABCDE 80 ABC 
Simazine  1.123 67 CDE 97 AB 70 EFGHI 45 EFGH 
 
2.245 81 ABC 100 A 57 GHIJ 22 HIJ 
Sulfentrazone + chlorimuron 
ethyl  
0.105 + 
0.013 
96 AB 97 AB 87 ABCDEF 56 DEF 
 
0.209 + 
0.026 
76 ABCD 92 ABC 84 ABCDEF 41 FGH 
Sulfosulfuron  0.037 100 A 92 ABC 91 ABCDE 84 AB 
 
0.074 93 AB 83 BCD 78 CDEFGH 70 BCD 
a
 Letters denote groupings within columns for each species, α = 0.05 
b
 Herbicide injury was evaluated as the percent of green leaf and stem tissue for continuity of comparison 
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Table 3.4  Plant height and leaf number at the time of POST 
applications for switchgrass and prairie cordgrass under low and high 
light conditions. 
a
 
 Plant height 
(cm) 
Leaf 
number 
Plant height 
(cm) 
Leaf 
number 
 - - - - - - 3 WAP - - - - - - - - - - - - 6 WAP - - - - - - 
 Switchgrass 
Low light 8 2–3 30 3–4 
High light 19 2–4 59 4–5 
 Prairie cordgrass 
Low light 14 2–3 40 3–5 
High light 33 3–5 66 5–6 
a
 POST applications were made 3 and 6 weeks after planting; 
irradiance under high light conditions was approximately 150% of that 
under low light 
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Table 3.5  Herbicide injury, plant height and fresh weight of switchgrass as percentages of the non-treated controls following 
POST treatments at two herbicide rates, two light levels and two spray timings. 
a
 
Herbicide treatment Rate Green tissue 
b,c
 
Plant height Fresh weight Green tissue Plant height Fresh weight 
 kg ai ha
-1
  - - - - - - - - - - - -  3 WAP  - - - - - - - - - - - - - - - - - - - - - - - -  6 WAP  - - - - - - - - - - - - 
  Low light 
Non-treated control — 100 A 100 A 100 AB 100 A 100 A 100 AB 
Acetochlor  0.835   69 B   51 B 15 C   81 AB   88 A 87 B 
 1.670   48 C   27 C 7 C   73 BC   86 AB 62 BC 
Acetochlor + atrazine  0.835 + 
0.562 
  48 C   26 C 3 C   71 BC   87 A 66 BC 
 1.670 + 
1.123 
    2 E     3 D 0 C   71 BC   72 AB 60 C 
Atrazine  0.562 100 A   90 A 87 AB   96 A   92 A 118 A 
 1.123 100 A 108 A 104 A 100 A   94 A 118 A 
Prodiamine  0.369 100 A 101 A 78 B   96 A   91 A 120 A 
 0.737   96 A   90 A 65 B 100 A   90 A 109 AB 
S-metolachlor + 
mesotrione + atrazine  
1.129 + 
0.113 + 
0.421 
    0 E     0 D 0 C   67 BC   72 AB 61 C 
 2.257 + 
0.226 + 
0.842 
    0 E     0 D 0 C   60 C   56 B 56 C 
Sulfosulfuron 
d,e
 0.037   42 CD   30 BC 9 C   54 C   63 B 49 C 
 0.074   25 D   16 CD 5 C   52 C   59 B 57 C 
Thiencarbazone-
methyl + isoxaflutole 
d
 
0.019 + 
0.046 
  50 BC   42 BC 12 C   75 BC   74 AB 79 BC 
 0.037 + 
0.092 
  17 DE   14 CD 2 C   54 C   60 B 46 C 
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Table 3.5 (cont’d.) 
Herbicide treatment Rate Green tissue 
b,c
 
Plant height Fresh weight Green tissue Plant height Fresh weight 
 kg ai ha
-1
  - - - - - - - - - - - -  3 WAP  - - - - - - - - - - - - - - - - - - - - - - - -  6 WAP  - - - - - - - - - - - - 
  High light 
Non-treated control — 100 A 100  100 B 100 A 100  100 AB 
Acetochlor  0.835 100 A   94 AB 92 B   92 A   87 A 88 B 
 1.670 100 A 103 A 95 B   92 A 103 A 111 AB 
Acetochlor + atrazine  0.835 + 
0.562 
100 A   92 AB 90 B   88 A   96 A 92 B 
 1.670 + 
1.123 
100 A   86 AB 82 B 100 A   96 A 96 B 
Atrazine  0.562 100 A 107 A 113 AB 100 A 100 A 104 AB 
 1.123 100 A 109 A 129 A 100 A 106 A 91 B 
Prodiamine  0.369 100 A 102 A 123 A 100 A 101 A 110 AB 
 0.737 100 A   86 A 115 AB 100 A   93 A 106 AB 
S-metolachlor + 
mesotrione + atrazine  
1.129 + 
0.113 + 
0.421 
  67 B 107 A 90 B   81 B   92 A 94 B 
 2.257 + 
0.226 + 
0.842 
  31 C   73 B 19 D   94 A 106 A 124 A 
Sulfosulfuron 
d,e
 0.037   63 B   88 AB 74 BC   92 A   96 A 101 AB 
 0.074   71 B   78 B 50 C   96 A   97 A 117 AB 
Thiencarbazone-
methyl + isoxaflutole 
d
 
0.019 + 
0.046 
  69 B   73 B 47 C   96 A   96 A 95 B 
 0.037 + 
0.092 
  33 C   33 C 12 D 100 A   86 A 85 B 
a
 Light levels (low and high, see text for details), and spray timings (3 and 6 weeks after planting) 
b
 Herbicide injury was evaluated as the percent of green leaf and stem tissue for continuity of comparison
 
c
 Letters denote groupings within columns for each light level, α = 0.05 
d
 Includes ammonium sulfate @ 2.5% v/v when applied POST 
e
 Includes nonionic surfactant @ 0.25% v/v when applied POST
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Table 3.6  Herbicide injury, plant height and fresh weight of prairie cordgrass as percentages of the non-treated controls 
following POST treatments at two herbicide rates, two light levels and two spray timings. 
a
 
Herbicide treatment Rate Green tissue 
b,c
 
Plant height 
Fresh 
weight 
Green tissue Plant height 
Fresh 
weight 
 kg ai (ae) ha
-1
 - - - - - - - - - - -  3 WAP  - - - - - - - - - - - - - - - - - - - - - - -  6 WAP  - - - - - - - - - - - - 
  Low light 
Non-treated control — 100 A 100 A 100 A 100 A 100 AB 100 A 
2,4-D  
d
 0.267 (ae) 100 A   82 AB   76 AB 100 A 104 A   84 AB 
 0.533 (ae) 100 A   92 AB   75 AB 100 A 102 AB   91 A 
Acetochlor  0.835     4 E   14 DE     1 C   35 B   39 C   17 C 
 1.670     0 E     0 E     0 C   31 BC   32 CD   13 C 
Acetochlor + atrazine  0.835 + 
0.562 
    0 E     2 E     0 C   31 BC   37 CD   13 C 
 1.670 + 
1.123 
    0 E     0 E     0 C   17 C   19 D     3 C 
Atrazine  0.562   63 C   49 C   14 C 100 A   97 AB   71 AB 
 1.123   23 D   29 D     3 C 100 A   89 AB 52 B 
Nicosulfuron 
e
 0.018 100 A   95 A   85 A 100 A 105 A 89 A 
 0.035   79 B   76 B   58 B   96 A 104 A 81 AB 
Prodiamine  0.369   79 B   84 AB   57 B   88 A   73 B 58 B 
 0.737   79 B   74 B   58 B   96 A   84 B 69 B 
Quinclorac 
f
 0.140 100 A   91 AB   75 AB   96 A   96 AB 64 B 
 0.279 100 A   86 AB   62 B   96 A   87 AB 55 B 
  High light 
Non-treated control — 100 A 100 AB 100 A 100 A 100 A 100 AB 
2,4-D  
d
 0.267 (ae) 100 A   90 AB   65 BC   83 A   91 AB   94 B 
 0.533 (ae) 100 A 100 AB 100 A 100 A   99 A 109 AB 
Acetochlor  0.835 100 A   82 B   57 C 100 A   88 AB   81 B 
 1.670   96 A   70 B   43 CD 100 A   72 B   81 B 
Acetochlor + atrazine  0.835 + 
0.562 
  88 AB   84 B   62 BC   92 A   77 B   96 AB 
 1.670 + 
1.123 
  75 B   75 B   25 D 100 A   77 B   77 B 
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Table 3.6 (cont’d.) 
Herbicide treatment Rate Green tissue 
b,c
 
Plant height 
Fresh 
weight 
Green tissue Plant height 
Fresh 
weight 
 kg ai (ae) ha
-1
 - - - - - - - - - - -  3 WAP  - - - - - - - - - - - - - - - - - - - - - - -  6 WAP  - - - - - - - - - - - - 
  High light 
Atrazine  0.842 100 A   96 AB   84 AB   96 A 105 A 115 A 
 1.684   67 B   67 B   55 C 100 A   94 AB 115 A 
Nicosulfuron 
e
 0.018   96 A   99 AB   73 BC   88 A   95 AB 106 AB 
 0.035   88 AB   94 AB   41 CD   83 A   95 AB 101 AB 
Prodiamine  0.369 100 A   99 AB   78 B   92 A   92 AB   85 B 
 0.737 100 A   93 AB   74 BC   96 A   94 AB   94 B 
Quinclorac 
f
 0.140 100 A 106 A   95 AB   88 A   89 AB 101 AB 
 0.279 100 A 106 A   91 AB   96 A   99 A 102 AB 
a
 Light levels (low and high, see text for details), and spray timings (3 and 6 weeks after planting) 
b
 Herbicide injury was evaluated as the percent of green leaf and stem tissue for continuity of comparison
 
c
 Letters denote groupings within columns for each light level, α = 0.05 
d
 Includes ammonium sulfate @ 2.5% v/v when applied POST 
e
 Includes crop oil concentrate @ 1% v/v 
f
 Includes methylated seed oil @ 1% v/v when applied POST 
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CHAPTER 4. 
DETERMINING EFFECTS OF SODICITY AND SALINITY ON SWITCHGRASS AND 
PRAIRIE CORDGRASS EMERGENCE AND PLANT GROWTH 
 
Eric K. Anderson, Thomas B. Voigt, S.M. Kim, D.K. Lee* 
Department of Crop Sciences, University of Illinois at Urbana-Champaign, Urbana, IL 61801.  
 
Abstract 
Marginal and degraded lands are expected to be important resources in the production of 
biofuel feedstocks in order to avoid real or perceived competition with food, feed and fiber 
production.  Globally, there are millions of hectares of salt-affected land available for 
lignocellulosic feedstock production.  Greenhouse experiments determined the effects of 
irrigating with water having different levels of salinity and sodicity on seedling emergence, plant 
growth, and cation balance in plant tissues in several populations of switchgrass (Panicum 
virgatum L.) and prairie cordgrass (Spartina pectinata Link).  The effect of salt stress on 
seedling emergence was more pronounced in switchgrass than prairie cordgrass with 31 and 15% 
reduction, respectively, compared with pure water.  In a two-season greenhouse pot experiment, 
aboveground dry biomass production in control treatments was 8 and 21% higher in prairie 
cordgrass  pc17-102 and pc17-109, respectively, than in EG 1102 switchgrass.  EG 1102 
switchgrass produced greater biomass than prairie cordgrass populations when irrigated with 
moderately saline (5 dS m
-1
) water, although differences were not detected with highly saline 
water (10 dS m
-1
).  EG 2101 switchgrass emergence, plant growth and cation balance were 
severely affected by increasing levels of salinity.  Overall, several prairie cordgrass populations 
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and lowland switchgrass cultivars were found to have good emergence and high biomass 
production under moderate to high salt stress and may be good candidates for lignocellulosic 
feedstocks on salt-affected land. 
 
Introduction 
As the volumes of cellulosic biofuels required to be incorporated into ground 
transportation liquid fuel increase to meet the 2022 requirements of the Renewable Fuel Standard 
(Schnepf & Yacobucci 2013; EISA 2007), production of current and novel lignocellulosic 
feedstocks will need to increase as well.  Production of perennial grasses for forage is 
widespread, and according to the U.S. Billion Ton Update (United States Department of Energy 
2011), it is expected that these crops will play a significant role in meeting biofuel feedstock 
requirements. Although lignocellulose will increasingly be important as a feedstock for the 
production of liquid transportation biofuels, currently it is used primarily as a source of heat and 
power.  Bioenergy currently accounts for approximately 10% of global energy consumption, and 
that fraction is projected to increase by 2050 (Berndes et al. 2003).  However, the potential 
competition between energy, food/feed, and environmental needs is often used to stress the 
importance of growing bioenergy crops on marginal, less-productive land rather than on prime 
agricultural land (Tilman et al. 2009). 
Globally, more than 800 million ha are salt-affected, including an estimated 397 million 
ha of saline and 434 million ha of sodic land (Rengasamy 2010; Munns 2005).  It has been 
estimated that 10% of cultivated land on Canadian prairies is salt affected with an annual farm 
income loss of $250 million, increasing by at least $1 million annually (Dumanski et al. 1986; 
Hangs et al. 2011).  Salt-affected lands are also widespread in much of the Western U.S.   
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Salt-affected soils are impacted by high salt concentrations to the extent that soil and 
water quality and plant health are impacted.  Salinization occurs via discharge soils, saline seeps, 
evaporating ponds, shallow water tables, saline water irrigation, salt spray, penetration of ocean 
water, and naturally occurring saline/sodic soils caused by parent rock material (McCauley & 
Jones 2005; Millar 2003; Tober et al. 2007).  Increased precipitation levels can also result in 
higher water tables and increased soil salinity as has occurred over the past 15 years in the Red 
River Valley in the Northern Great Plains of the U.S. (Lobell et al. 2010).  Perennial plants 
provide maximum ground cover and minimize water evaporation from soils that concentrates 
salts at the soil surface.  Perennial, cool-season grasses have the highest tolerance for soil 
salinity, but warm-season grasses typically have the potential to produce higher biomass yields 
(Tober et al. 2007).   
Prairie cordgrass is a C4 perennial rhizomatous grass that is native to most of the U.S. 
and as far as 60°N in Canada.  It is often found in dense, pure stands in riparian areas due to its 
aggressive rhizome spread and its tall stature (Weaver 1954).  It is well adapted to both dry land 
and wet soils found along marshes, roadside ditches, and other low-lying areas (Mobberley 
1956).  Recently, prairie cordgrass has gained attention as a bioenergy crop due to its tolerance 
of abiotic stresses and potential to produce high biomass on marginal land.  In a field study in 
southwestern Quebec, Canada, Madakadze et al. (1998) noted that prairie cordgrass showed the 
greatest potential for high biomass yields in short-season conditions due to its ability to take 
advantage of both early spring and fall solar radiation compared with several switchgrass 
cultivars and other warm-season grasses.  They also found that prairie cordgrass had significantly 
greater tiller number, height, and thickness and generally more and longer leaves.  Boe and Lee 
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(2007) found that prairie cordgrass tended to be more productive than three upland switchgrass 
cultivars during a 4-year field study in South Dakota, U.S.   
Switchgrass is also a C4 perennial rhizomatous grass native to most of the U.S. east of 
the Rocky Mountains (Hitchcock 1971).  The U.S. Department of Energy identified switchgrass 
as a model energy crop due to its high biomass yields, its adaptability to a wide range of soil 
types and climatic conditions, and its ability to produce relatively high biomass yields on 
marginal and less-productive soils (Lynd et al. 1991; Sanderson et al. 1996; Lee et al. 2007; 
McLaughlin et al. 2002; McLaughlin & Kszos 2005).   
Salinity is typically measured by the soil or water’s ability to conduct an electrical 
current, termed electrical conductivity (EC), which is measured in decisiemens per meter (dS m
-
1
).  Sodicity, a term denoting a high concentration of sodium in the cation balance, is often 
measured by calculating the sodium adsorption ratio (SAR) with the following formula:  
     
     
√                  
   
Saline water or soil has a pH less than 8.5, an EC greater than 4 dS m
-1
, and a SAR less than 13.  
Sodic water or soil has a pH greater than 8.5, an EC less than 4 dS m
-1
, and a SAR greater than 
13.  A sodic-saline classification corresponds to water or soils with pH less than 8.5, an EC 
greater than 4 dS m
-1
, and a SAR greater than 13 (McCauley & Jones 2005; Millar 2003).  
Prairie cordgrass is considered moderately salt tolerant compared with the halophytic  
species in same genus, smooth cordgrass (Spartina alterniflora) and saltmeadow cordgrass 
(Spartina patens), all of which commonly occur in Atlantic and Gulf coastal salt marshes 
(Konisky et al. 2006; Warren et al. 1985).  The ornamental grass, sand cordgrass (Spartina 
bakeri) is also known to be highly salt-tolerant (Glen 2004).  Prairie cordgrass has salt glands on 
the leaf blades and sheaths whereby excess salt is extruded (Kim et al. 2012).  Montemayor et al. 
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(2008) found that prairie cordgrass thrives in saline and waterlogged peat fields in New 
Brunswick, Canada, and showed no growth response in salinity levels ranging from 2 to 20 dS 
m
-1
 and pH ranging from 4.5 to 2.5.   
Switchgrass is considered somewhat salt-tolerant, although the related species Panicum 
amarum is highly salt-tolerant (Glen 2004).  Growth of ‘Blackwell’ switchgrass, an upland 
ecotype, was not inhibited by high soluble salt levels present in anaerobically digested waste-
activated sewage sludge, with the highest biomass yields being produced in pure sludge at EC 
8.8 dS m
-1
 (Rodgers & Anderson 1995).  Harper and Spooner (1983) found that Blackwell 
established well from seed in acidic, saline bauxite minesoils, but provided poor groundcover 
and produced little biomass in a study in which soil pH and salinity levels were not reported.   
Although mature plants can be injured by salt stress, plants are most susceptible during 
germination and seedling growth (Tober et al. 2007).  Seed germination of sea rocket (Cakile 
maritime Scop.), a halophytic Brassica, was inhibited when treated for 9 d with NaCl solution 
above 100 mM, but when non-germinated seeds were then moved to pure water, essentially all 
seeds germinated, showing that germination was inhibited by osmotic stress (Debez et al. 2004).  
Scheinost et al. (2008) recommended a 50% increase in PLS (pure live seed) seeding rates when 
planting tall wheatgrass (Thinopyrum ponticum (Podp.) Z.-W. Liu & R.-C. Wang) on saline soils 
compared with non-saline soils even though it can survive in saline soils as high as 26 dS m
-1
.  
Schmer et al. (2012) found that seed germination in ‘Red River’ prairie cordgrass was poorest 
overall and was affected most by increased salinity compared with several cultivars of 
switchgrass, big bluestem (Andropogon gerardii Vitman), and indiangrass (Sorghastrum nutans 
(L.) Nash).  The salinity tolerance of ‘Alamo’ and ‘Kanlow’ switchgrasses, two lowland 
ecotypes, was found to be intermediate with both having high germination percentages at 0 dS m
-
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1
, but exhibiting reduction in germination percentages as salinity was increased to 20 dS m
-1
.  In 
a growth chamber study, Carson and Morris (2012) found that germination in ‘Cave-in-Rock’ 
switchgrass, an upland ecotype, decreased by 15, 61 and 95% when subjected to NaCl solutions 
of 5, 10 and 15 dS m
-1
, respectively, when compared with the pure water control.  Kim et al. 
(2012) reported a greater impact of salinity on seed germination, seedling survival, above- and 
belowground biomass production for Cave-in-Rock switchgrass than on Red River prairie 
cordgrass.  They also noted an increasing accumulation of sodium in shoot tissue in switchgrass 
with increasing levels of salinity, whereas shoot sodium levels in prairie cordgrass remained low.   
The goals of this study were to determine the effects of saline and saline-sodic irrigation 
water on: 1) seedling emergence and growth of several populations of prairie cordgrass and 
switchgrass; and 2) the aboveground growth during the first growing season and the above- and 
belowground growth during the second growing season of select prairie cordgrass and 
switchgrass populations. 
 
Materials and Methods 
Plant materials   
Seeds of three switchgrass (EG 2101, EG 1101 and EG 1102, Blade
®
 Energy Crops, 
Thousand Oaks, CA, USA) cultivars and six prairie cordgrass (Red River, pc17-102, pc17-109, 
pc19-106, pc20-102 and pc46-109) populations were stored at 4 °C prior to initiation of the 
experiment.  Red River (Millborn Seeds Inc., Brookings, SD, USA) is a commercially available 
prairie cordgrass germplasm.  All other prairie cordgrass populations were wild populations 
originating in various locations throughout the Midwestern USA.  EG 2101, EG 1101, and EG 
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1102 are improved cultivars of Cave-In-Rock, Alamo, and Kanlow switchgrass bred for high 
biomass yield, respectively. 
To test seed viability prior to the greenhouse emergence study, a germination test was 
conducted on fungicide-treated (ApronMaxx
®
 RTA
®
, Syngenta Crop Protection, Inc., 
Greensboro, NC, USA) caryopses (prairie cordgrass) or whole seed (switchgrass) to confirm 
seed viability.  Twenty seeds from each population were placed in a Petri dish on two 
germination blotter discs (Anchor Paper Co., Saint Paul, MN, USA) saturated with pure water 
and the dishes were placed in a growth chamber (15°C dark/30°C light, 16-h photoperiod) per 
Kim et al. (2012).  There were three replications of each population, and dishes were randomly 
distributed within the growth chamber.  Germination counts were taken every 2 d for 15 d, at 
which time germination counts plateaued.  A seed was considered germinated when the seed coat 
was broken and the radical emerged. 
Seedling emergence 
A greenhouse experiment was conducted in Urbana, IL, to determine the effects of 
varying levels of sodicity and salinity on seedling emergence and growth.  The experiment was 
conducted as a split plot within a completely randomized design with four replications and 
repeated twice in time.  Salt treatment was the main plot and grass species populations were the 
subplots.  Salt treatments were prepared using the salt mixtures shown in Table 4.1.  A mixed 
salt solution rather than a pure NaCl solution allowed investigation of varying levels of sodicity 
and salinity (Yang et al. 2011; Kudo et al. 2010).  Treatments included reverse osmosis (RO) 
water (Control), low sodicity with salinity of EC 5 or 10 dS m
-1
 (Lo5 and Lo10, respectively), 
and high sodicity with salinity of EC 5 or 10 dS m
-1
 (Hi5 and Hi10, respectively). 
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A coffee filter was placed in each cell (6 x 7.5 x 5.5 cm deep) of a 2401 tray insert and 
filled with 100 mL pure washed silica.  Tray inserts were then placed in 1020 trays and treatment 
solutions were added from below to saturate the sand prior to planting.  Twenty fungicide-treated 
seeds were dispersed in each cell and covered with 3 mm silica.  Clear plastic domes were placed 
on each flat to minimize evaporation, and aluminum foil was placed on each dome to reflect 
direct sunlight in order to avoid overheating in the domes.  Temperature was logged every 30 
min throughout the experiment with sensors (GS3 soil moisture/temperature/EC sensor, Decagon 
Devices, Inc., Pullman, WA, USA) placed on the bench and within random domes.  
Temperatures under the domes ranged from approximately 18 °C at night to approximately 30 
°C during the day with a 16 h photoperiod.  Treatment solutions were added to the respective 
trays as needed, and electrical conductivity of the tray solutions was monitored using a portable 
pH/EC meter (Mi-806, Milwaukee Instruments, Inc., Rocky Mount, NC, USA).  Seedling counts 
were taken every 2–3 d for 21 d and maximum seedling height per cell was measured on the final 
day.   
 A modified Timson scale was used to determine the rate for both the germination check 
and the seedling emergence: 
Rate = ΣG / t  
where G = percentage of seeds germinated/emerged at 2- to 3-day intervals and t = total period 
(Khan & Ungar 1984; Kim et al. 2012; Timson 1965).  The maximum values possible using this 
index for these data were 40 for the germination check ((6*100)/15) and 42.9 for seedling 
emergence ((9*100/21)) with larger values indicating higher germination/emergence percentages 
and faster rates. 
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Normality of the residuals and equality of the variances were evaluated using a plot of the 
residuals against their predicted values and the UNIVARIATE procedure in SAS software (SAS 
9.2, SAS Institute Inc., ©2002-2008, Cary, NC, USA).  The data were analyzed using the 
MIXED procedure in SAS software at α = 0.05 with population, sodicity, salinity, and their 
interactions as fixed effects and replication as a random effect.  Linear contrasts were used to 
compare treatments.  Pair-wise differences from the MIXED procedure were used to create letter 
groupings of similar means using the PDMIX800 macro (Saxton 1998) in SAS software. 
Plant growth 
A greenhouse experiment was conducted in Urbana, IL, to determine the effects of 
varying levels of sodicity and salinity on first and second year plant growth in switchgrass and 
prairie cordgrass.  The experimental design was a randomized complete block with four 
replications.  Five salt treatments – two levels of salinity (5 and 10 dS m-1) and two levels of 
sodicity (low and high) along with a RO-water control treatment – and five populations – 
switchgrass (EG 2101 and EG 1102) and prairie cordgrass (Red River, pc17-109 and pc17-102) 
– were combined in a factorial arrangement.  Salt treatments were prepared using the salt 
mixtures described in the seedling emergence experiment.  Seeds from each population were 
placed in Petri dishes in a growth chamber to prepare seedlings for the experiment.   
Treepots (7.65 L, 20 cm x 32 cm deep, TP812, Stuewe & Sons, Inc., Tangent, OR, USA) 
were lined with landscape fabric to prevent potting medium from flowing out of drainage holes, 
and pots were filled with a mix of washed silica and peat medium (2:1 by wt) to within 5 cm of 
the top.  Slow-release fertilizer (17-5-11 plus micronutrients, Osmocote Pro, The Scotts 
Company LLC, Marysville, OH, USA) was incorporated in the planting medium at 72 g per pot.  
Pots were flushed with RO water or with the respective salt treatments until the leachate 
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measured <1 (Control), 5 (Lo5 and Hi5) and 10 (Lo10 and Hi10) dS m
-1
.  Approximately five 
seedlings were then transplanted into pots and clear drip trays were temporarily placed on top of 
the pots to minimize evaporation.  Pots were placed in drip trays and watered from below and 
misted from above as needed to maintain moist soil conditions.  Seedlings were thinned to one 
per pot when they had grown to approximately 30 cm.  Pots were watered with their 
corresponding salt treatments and flushed periodically until desired leachate EC readings were 
obtained.  Leachate pH remained between 5.5 and 7.0 throughout the experiment.     
Temperature was maintained between 16 and 30 °C in the greenhouse throughout the 
experiment.  High-intensity-discharge high pressure sodium lamps (STIM-U-Lyte GR-HPS-
1000W, Voigt Lighting, Garfield, NJ, USA) provided supplementary lighting (450 μmol m-2 s-1 
at bench level) for up to 14 hr d
-1
, unless noted otherwise, when solar radiation fell below 700 
μmol m-2 s-1. 
Number of tillers and height (from the soil level to the tip of the tallest leaf) of the tallest 
tiller were then recorded weekly for 6 wks.  The first inflorescence was observed in one EG 2101 
control pot 8 wks after planting (WAP), and supplemental lighting was turned off 12 WAP to 
further promote anthesis.  By 16 WAP, approximately two-thirds of all pots had at least begun 
anthesis and the remainder were still undergoing stem elongation.  All pots were then moved 
outdoors under a shade canopy to force senescence, at which time all salt treatments were 
stopped and watering was done with rainwater or tap water as needed.  After 3 wks, when plants 
started to show signs of senescence, final tiller numbers were counted, and the height and 
number of leaves were recorded for the three tallest tillers in each pot similar to Saberi et al. 
(2011).  All tillers were cut 2 cm above the soil surface and fresh weights recorded.  Biomass 
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was dried at 60 °C for 1 wk prior to dry weight measurements.  All pots were placed in a cold 
room at 5 °C for 2 wks to simulate overwintering.   
Upon removal from the cold room, slow-release fertilizer was added to the soil surface at 
72 g per pot.  Wire tomato cages were installed in each pot and pots were placed in the same 
blocking configuration from the first growing season with approximately 50 cm between pots.  
Pots were then flushed with their respective salt treatments as described previously.  Weekly 
height and tiller counts were taken for 8 wks after removal from cold storage (WACS).  By 10 
WACS, all surviving EG 2101 plants had reached anthesis and were harvested.  Plant growth 
stage was monitored and plants were harvested as they reached anthesis.  Supplemental lighting 
was turned off 14 WACS.  Aboveground measurements taken at harvest followed the procedure 
from the first growing season.  In addition, the root and rhizome mass from each pot was 
washed, dried at 60 °C for one week and weighed.  The aboveground and belowground tissue 
samples were analyzed for K, Ca, Mg and Na.   
Normality of the residuals and equality of the variances were evaluated using a plot of the 
residuals against their predicted values and the UNIVARIATE procedure in SAS software.  The 
data for each growing season were analyzed using the MIXED procedure in SAS software with 
population, sodicity, salinity and their interactions as fixed effects and block as a random effect. 
First-season tiller number data were log-transformed for normality of the residuals.  Linear 
contrasts were used to compare treatments.  Pair-wise differences from the MIXED procedure 
were used to create letter groupings of similar means using the PDMIX800 macro (Saxton 1998) 
in SAS software.  All analyses were conducted at α = 0.05.  Pearson product–moment correlation 
was used to identify significant correlations among all dependent variables using the CORR 
procedure in SAS software. 
83 
 
 
Results 
Seedling emergence 
There was no clear trend in emergence across salt treatments (Table 4.2), and neither 
sodicity (P = 0.68) nor salinity (P=0.21) were significant.  Population (P<0.0001) and the 
interaction terms sodicity*population (P=0.05) and sodicity*salinity (P=0.02), however, were 
significant.  The effects of salt treatments on emergence rates as measured with the modified 
Timson index did not differ greatly from the effects on percent emergence (Fig. 4.1).  Emergence 
rates were generally impacted by salt treatments in switchgrass more than in prairie cordgrass – 
72% of the control in prairie cordgrass and 50% of the control in switchgrass (58% without EG 
2101) when averaged across salt treatments and populations within species. 
Differences existed in response to levels of sodicity and salinity between and within 
species.  Emergence in pc17-102, pc46-109, EG1101, and EG2101 was decreased with 
increasing salinity and sodicity.  All other prairie cordgrass and switchgrass responded 
differently with increased salinity and sodicity and no clear pattern was observed.  In many 
cases, however, emergence at 5 dS m
-1
 (Lo5 and Hi5) was not significantly different from the 
control, but was different from 10 dS m
-1
 (Lo10 and Hi10). 
There was no trend in seedling height after 21 d across salt treatments.  Sodicity 
(P=0.47), salinity (P=0.48), and the interaction term (P=0.53) were all non-significant whereas 
population was significant (P<0.0001).  Plant height was stunted with all salt treatments in all 
species compared with the controls, but differences were not significant.   
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Plant growth 
Population and salinity were significant for all parameters measured (Table 4.3).  
Sodicity was not significant for any of the dependent variables, and one interaction term 
(sodicity*salinity) was significant for only shoot height in the second season.  Since significance 
levels were not different from the first to the second season harvest (other than biomass which 
was significantly lower in the first season), only second-season harvest data will be presented. 
All plants in all treatments survived to the first season harvest.  In EG 1102 and all prairie 
cordgrass populations, plants regrew following removal from the cold room and survived to 
harvest with a few exceptions.  One Lo10 plant each in pc17-102 and pc17-109 and one Hi10 
plant in pc17-109 died within 3 WACS.  In EG 2101, all control and Lo5 plants survived to 
harvest; for each of the remaining treatments, however, three plants survived the cold room but 
only two, one and no plants survived to final harvest for Hi5, Lo10 and Hi10 treatments, 
respectively.   
Plant height was moderately correlated with aboveground biomass dry weight (r=0.77, 
P<0.0001).  At the end of the second growing season, there were no significant differences in 
plant heights for pc17-102, pc17-109, Red River and EG 1102 among control, Lo5 and Hi5 
treatments except for the Hi5 treatment in pc17-109 which was significantly shorter than the 
control but not the Lo5 (Fig. 4.2a).  However, there were significant differences between 5 dS m
-
1
 and 10 dS m
-1
 for these same populations.  Plant heights for EG 2101 were not different 
between control and Lo5; however, Hi5 and Lo10 heights were significantly lower than in 
control and Lo5 treatments. 
Tiller number per plant was only weakly correlated with aboveground dry weight 
(r=0.54, P<0.0001).  Tiller number in prairie cordgrass was not significantly affected by either 
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salinity or sodicity except pc17-109 with Hi10 and Red River with Lo10 (Fig. 4.2b).  Tiller 
number was impacted the most in both switchgrass cultivars under all treatments with the 
exception of EG 1102 Hi5 being no different from the control. 
The leaf number per tiller was strongly correlated with plant height (r=0.85, P<0.0001), 
but only moderately correlated with aboveground dry weight (r=0.64, P<0.0001).  Leaves per 
tiller were highest in control plants in pc17-102 and pc17-109 at 9.9 and 9.5, respectively (Fig. 
4.2c).  No differences were detected among salt treatments in these two populations or among 
EG 2101 control and Lo5 treatments and all treatments for Red River and EG 1102.  Leaf 
number for EG 2101 Hi5 and Lo10 treatments was significantly lower than all other treatments. 
Fresh weight of aboveground biomass was strongly correlated with aboveground dry 
weight (r=0.93, P<0.0001).  Fresh weight in the EG 1102 control treatment was significantly 
higher than all other populations and treatments (Fig. 4.2d).  Fresh weights for all populations 
decreased with increasing salinity levels; however, they were not significantly different between 
levels of sodicity except EG 2101, which had very high mortality with Hi5, Lo10, and Hi10 
treatments.  The difference in fresh weight between 5 dS m
-1
 and 10 dS m
-1
 in EG 1102 was 
much greater than in prairie cordgrass. 
Dry weight of aboveground biomass under all salt treatments was similar to fresh weight 
other than the magnitude of differences between prairie cordgrass and switchgrass were much 
smaller (Fig. 4.2e).  Similar to fresh weights, dry weights for all prairie cordgrass populations 
were not significantly different from one another at 5 dS m
-1
 or at 10 dS m
-1
, and EG 1102 was 
not significantly different from all prairie cordgrass populations at 10 dS m
-1
 when averaged 
across levels of sodicity.  EG 2101 switchgrass had the lowest dry weight among all populations 
for each treatment.  Percent dry matter (DM) was consistent across prairie cordgrass populations 
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at 40%.  EG 2101 DM was highest in control plants (30%) and decreased to 23% in the Lo10 
plant.  The opposite trend in EG 1102 was observed with the lowest DM in the control plants 
(26%) and the highest in the Hi10 plants (36%). 
Dry weight of belowground biomass was moderately correlated with aboveground dry 
weight (r=0.73, P<0.0001).  Belowground dry weights for switchgrass populations were 
significantly lower than for prairie cordgrass populations when averaged across treatments (Fig. 
4.2f).  When averaged across populations, dry weights in Lo5, Lo10 and Hi10 treatments were 
not significantly different from each other but were significantly lower than in Hi5 treatments 
which were significantly lower than control treatments.  Shoot-to-root ratios decreased with 
increasing salt treatment severity in all populations, but no difference between the control and 5 
dS m
-1
 was observed in pc17-102, pc17-109, and EG 1102 (Fig. 4.3).  Root and rhizome mass 
density was very high in control pots and tended to decrease with increasing salt treatment 
severity. 
Belowground tissue analysis revealed moderate to strong positive correlations between 
Na and Ca, K, and Mg (r=0.78, 0.71, and 0.85, respectively, all at P<0.0001) but only weak or no 
correlations in aboveground tissues.  A very strong positive correlation existed between Cl and 
Na in belowground (r=0.94, P<0.0001) but not aboveground (r=0.42, P<0.0001) tissues.  All 
cations  tended to increase in concentration with salt treatments compared with controls in both 
aboveground and belowground tissues in all populations with some exceptions.  Potassium 
concentrations in belowground tissue of all prairie cordgrass were not affected by salt treatments, 
but those in swtichgrass were severly changed with salt treatments.  The magnitude of 
accumulation of all cations in EG2101 belowground tissue was much higher than those in all 
other populations. 
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There was no clear trend in cation uptake selectivity between switchgrass and prairie 
cordgrass (Fig. 4.4).  In general, treatments with high sodicity had a higher Na ratio.  In control 
treatments, Na uptake was not significantly different among all populations in aboveground 
tissue, and Red River was significantly lower than EG 1102 and pc17-102 in belowground tissue.  
EG 2101 had the lowest Na balance in aboveground tissue in each respective treatment and was 
significantly lower than other populations in the Lo5 treatment.  In belowground tissue, EG 1102 
had the lowest (K
+
 + Ca
2+
 + Mg
2+
)/Na
+
 ratio in all but the control treatment while Red River had 
the highest ratio in all but the Hi10 treatment.  Balance of Na in relation to combined macro- and 
micronutrients (N, P, K, Ca, Mg, S, B, Fe, Mn, Cu, Zn, Al) was closely similar to ratios for 
cation selectivity for all populations and treatments (data not shown). 
 
Discussion 
Seedling emergence 
Reduction in seed emergence in control treatments under greenhouse conditions 
compared with results obtained under growth chamber conditions (Table 4.2) was not 
unexpected and is not of major concern in the present study.  Mitchell and Vogel (2012) found 
that emergence from 4 cm of sand in the greenhouse was the best predictor of field emergence.  
They also noted that germination as reported on seed lot tags, which is estimated under growth 
chamber conditions, is generally higher than obtained under real-world conditions.   
The salt effect on emergence was variable, but was generally more severe on switchgrass 
than prairie cordgrass with 31 and 15% reduction in emergence compared with the control, 
respectively, when averaged over populations within species and all salt treatments.  Red River 
exhibited above-average salt tolerance among prairie cordgrass populations, and emergence was 
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equal to or greater than both EG 1101 and EG 1102 in each respective salt treatment, contrary to 
the findings of Schmer et al. (2012).  Even though emergence in some cordgrass populations 
including pc17-102 was consistently lower than in EG 1101 and EG 1102 when averaged across 
salt treatments, pc19-106, pc20-102, pc46-109, and Red River prairie cordgrass maintain high 
emergence, above 75% of the control in all salt treatments and showed greater tolerance than 
switchgrass.    
EG 2101, an improved Cave-in-Rock upland ecotype, was most affected by salt 
treatments and experienced the lowest emergence aside from pc17-109 which had very poor 
emergence overall.  Emergence in EG 2101 was decreased by 39 and 63% at 5 and 10 dS m
-1
, 
respectively, averaged across levels of sodicity, when compared with the control. Kim et al. 
(2012) reported a similar result, reporting that there was a greater impact of salinity on seed 
germination, seedling survival, above- and belowground biomass production for Cave-in-Rock 
switchgrass than Red River prairie cordgrass.  Our results are also similar to those of Carson and 
Morris (2012) under growth chamber conditions.  ‘Forestburg’, another upland switchgrass 
cultivar, also exhibited poor tolerance to increasing levels of salinity with respect to germination.  
Further testing of different upland ecotypes such as Blackwell, ‘Pathfinder’, ‘Trailblazer’ and 
‘Dacotah’, cultivars originating in areas of the country with salt-affected soils as did lowland 
ecotypes EG 1101 and EG 1102, would need to be performed to determine whether the 
differences observed among switchgrass cultivars were due to higher salt tolerance 
characteristics of lowland ecotypes or whether the low salt tolerance of EG 2101 is unique to that 
cultivar.    
Significance of population in the analysis of seedling height was due mainly to 
differences in emergence, which began within 2 d of planting in prairie cordgrass populations but 
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was delayed in switchgrass populations until 4 to 6 d after planting regardless of treatment.  
Delayed emergence due to salt treatment also impacted emergence rates in both species, although 
salt treatments tended to affect rates in switchgrass more than in prairie cordgrass.  Emergence 
rate may be an important consideration in choosing which species to grow on salt-affected land, 
especially since weed control early in the year of establishment is critical to successful stand 
establishment.  The ability to safely apply preemergence and some postemergence herbicides is 
often dependent on the growth stage of the grass crop (Scheinost et al. 2008; Boydston et al. 
2010; Curran et al. 2012).  Prairie cordgrass establishes slowly from seed, and seedling vigor is 
only moderate, making early emergence particularly important (Jensen 2006). 
These results show that pc 19-106, pc46-109, Red River, EG 1102, and EG 1101 
experienced the best emergence under salt stress and appear to be good candidates for seeding 
perennial grass into salt-affected land.  It would also be expected that these cultivars, which 
exhibit high salt tolerance during more vulnerable growth stages, would also produce high yields 
under salt stress (McCauley & Jones 2005; Millar 2003; Tober et al. 2007).  However, higher 
seeding rates would still be needed as the severity of salt stress increases (Scheinost et al. 2008). 
Plant growth 
Salt treatments applied during the first growing season were less severe than those 
applied during the second season.  This explains why all plants survived the first season and 
impacts of salt treatments on growth parameters were less pronounced (data not shown).   
Sodicity was not a significant factor in any of the growth parameters measured, whereas 
both population and salinity were significant.  Sodic soils impact water permeability and 
infiltration rates resulting in surface crusting that can negatively affect plant growth under field 
conditions (Brown et al. 1983).  However, these conditions were not maintained in this 
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greenhouse experiment where soil surface disturbance was common during irrigation.  Also, all 
irrigation treatments in this experiment were either saline (Lo5 and Lo10) or saline-sodic (Hi5 
and Hi10), which do not tend to produce the same soil impediments as do sodic soils. 
Impact of salt treatments – stunting and reduction in tiller production and, in the case of 
pc17-109 and EG 2101, leaves per tiller – resembled drought stress symptoms (Brown et al. 
1983; Munns 2002).  Of the three yield components, plant height had a greater impact on 
aboveground biomass production than either tillers per plant or leaves per tiller.  In contrast, 
tiller number had a greater impact on first-season biomass production (r=0.67, P<0.0001) than 
plant height (r=0.27, P<0.0001) or leaves per tiller (r=0.43, P<0.0001).   
There was no clear trend either within or between species with respect to the most 
affected yield component.  Height was impacted by increasing severity of salt treatments in all 
populations tested although EC 5 treatments were not significantly different from the respective 
controls except for the Hi5 treatment in EG 2101.  The number of tillers per plant was most 
affected by salt treatments in switchgrass cultivars except for the Hi5 treatment in EG 1102.  The 
number of leaves per tiller was significantly impacted only in pc17-102, pc17-109 and EG 2101 
populations.  Prairie cordgrass generally produces fewer tillers per plant than switchgrass, but 
tiller heights, leaves per tiller, and stem diameter and density tend to be higher in cordgrass 
(Madakadze et al. 1998; Weaver 1954).  
Percent dry matter was consistently higher in prairie cordgrass than in switchgrass at all 
treatment levels following second-season harvest.  In contrast, DM was fairly consistent across 
populations and treatments at 32% following first-season harvest.  This variation can be partially 
explained by the differential response of the two species to the increased intensity of salt 
treatments during the second growing season.  Many plant species undergo an increase in water 
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content with increasing salt concentration to a certain level and then experience dehydration at 
higher salt levels (Glenn & Oleary 1984). 
Aboveground dry biomass production in control treatments was higher in pc17-102 and 
pc17-109 than EG 1102 although the differences were not statistically significant.  Prairie 
cordgrass has produced comparable or higher yields than switchgrass when grown on productive 
and marginal lands (Madakadze et al. 1998; Boe & Lee 2007; Boe et al. 2009).  At high salinity 
levels (5 dS m
-1
) EG 1102 produced more biomass than prairie cordgrass populations; however, 
in excessively saline water (10 dS m
-1
), no differences were detected among EG 1102 and 
cordgrass populations.  EG 2101 produced the lowest biomass yield at all treatment levels and 
would not be considered a good candidate for growing biomass on salt-affected lands.  Our 
results generally agree with those of Kim et al. (2012), although in the current study Red River 
prairie cordgrass aboveground biomass yields were affected to a much lesser degree than Cave-
in-Rock switchgrass. 
Aboveground growth was more affected by salt treatments than belowground growth 
with only a few exceptions as was expected (Munns 2002).  Belowground biomass production 
was highest in pc17-109 and significantly higher in prairie cordgrass populations overall when 
averaged across treatments.  However, when irrigated with highly saline water (10 dS m
-1
), root 
biomass was significantly decreased in all populations tested.  Interestingly, the shoot-to-root 
ratio was up to twice as high in EG 1102 compared with all other populations, likely the reason 
for its high aboveground biomass production.  Field studies carried out over more than two years 
would need to be conducted to determine whether EG 1102 could sustain high yields under 
saline irrigation with such high shoot-to-root ratios. 
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Cation balance was disrupted in all salt treatments in all populations compared with 
controls.  Cation balance disruption tended to increase with increasing levels of salt stress.  The 
disruption was more severe in aboveground tissues with as much as 12x lower ratios of cations to 
sodium in salt treatments compared with controls and up to 3x lower ratios in belowground 
tissues.  Kudo et al. (2010) found that cation balance (([K]+[Ca]+[Mg]) ⁄ [Na]) was disturbed in 
both halophytes (Salicornia biglovii and Beta vulgaris L. cv. Sugarmangold) and glycophytes 
(Zea mays L. cv.Whitedent and Phaseolus vulgaris L. Nahl); however, the disruption tended to 
impact growth for glycophytes much more than for halophytes.  There were no significant 
correlations between dry biomass and cation balance (i.e., nothing greater than r=0.31) or total 
nutrient-to-sodium ratio (i.e., nothing greater than r=0.44) in either aboveground or belowground 
tissues.  These results indicate that elemental uptake ratios with Na were not good indicators for 
comparing plant growth among these populations both within and between these two species. 
Another important consideration for energy crops grown on marginal land, such as salt-affected 
soils, is feedstock quality.  As we observed in this study, grasses grown on saline irrigation water 
could accumulate high concentration of salts, which can have a significant negative impact on 
feedstock ash concentration. Further investigation is necessary to evaluate the effects of salt 
concentration on conversion efficiency. 
Prairie cordgrass is known to utilize salt glands to secrete excess salt which explains the 
salt tolerance in this species with respect to aboveground and belowground biomass production 
(Kim et al. 2012; Warren et al. 1985).  It appears that EG 1102 preferentially filters salt out at 
the roots whereas EG 2101 does not.  Analysis of xylem contents would need to be conducted to 
determine if competing cations or compatible solutes are also part of EG 1102’s salt tolerance 
mechanism. 
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 Certain populations of switchgrass and prairie cordgrass appear to be good candidates for 
biofuels feedstock production on salt-affected land.  Several prairie cordgrass populations, as 
well as the lowland switchgrass cultivars EG 1101 and EG 1102, exhibited good emergence 
response to irrigation water up to 10 dS m
-1
.  It is expected that higher seeding rates will be 
needed to ensure adequate stand establishment on excessively high salt-affected soils.  EG 1102 
switchgrass and pc17-102, pc17-109 and Red River prairie cordgrass showed good potential for 
producing a harvestable biomass crop with saline irrigation water; however, yields at excessively 
high salt levels are likely to be greatly reduced.  Further experiments would need to be conducted 
under field conditions to confirm the results of these greenhouse findings, which were obtained 
under non-water-limiting conditions. 
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Tables and Figures 
Table 4.1  Salts used (in mM) in salt treatments for seedling emergence and 
plant growth experiments 
 
Lo5 Lo10 Hi5 Hi10 
MgSO4 6 13 3 6 
CaCl2 11 23 5 10 
NaCl 30 65 41 85 
Total salt 46 100 49 101 
Sodicity (SAR) 
a
 7 11 15 21 
Salinity (EC) 
b
 5 10 5 10 
a
 Sodium adsorption ratio – see text for formula.  Values greater than 13 denote 
sodic or saline-sodic irrigation water 
b
 Electrical conductivity of the irrigation solution in dS m
-1 
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Table 4.2  Germination (%) under growth chamber conditions and seedling emergence (%) under greenhouse conditions of prairie 
cordgrass and switchgrass populations subjected to varying levels of sodicity and salinity 
Species Population 
Growth 
chamber 
a
 
Control 
b,c
 Lo5 Hi5 Lo10 Hi10 
 
 
Prairie 
cordgrass 
 
 
pc17-102 81.7 60.0  b   A 37.5  b   B 31.9  c   B  36.9  b   B 36.3  c   B 
pc17-109 16.7 15.6  e   A 13.8  c   AB 16.9  d   A  11.3  d   AB   3.1  e   B 
pc19-106 90.0 55.0  b   A 41.3  b   B 55.6  ab A  43.1  b   B 48.1  b   AB 
pc20-102 66.7 28.1  d   A 21.3  c   A 23.8  cd A  24.4  c   A 20.0  d   A 
pc46-109 86.7 71.9  a   A 55.0  a   B 60.6  ab B  58.8  a   B 60.0  a   B 
Red River 83.3 57.5  b   A 51.3  ab AB 50.6  b   AB  46.3  b   B 46.3  bc B 
 
Switchgrass 
 
EG 1101 91.7 73.8  a   A 52.5  a   B 53.8  ab B  61.9  a   B 39.4  bc C 
EG 2101 90.0 42.5  c   A 20.6  c   B 21.3  cd B  23.8  c   B   5.0  e   C 
EG 1102 88.3 72.5  a   A 49.4  ab C 62.5  a   AB  58.1  a   BC 60.6  a   B 
a
 Growth chamber germination check was performed in Petri dishes with pure water over 15 days 
b 
Lower-case letters denote significant differences within columns and upper-case letters denote significant differences within rows at 
α = 0.05 
c 
Seedling emergence evaluation under greenhouse conditions was conducted in a pure silica medium over 21 days.  Irrigation 
treatments included pure water (Control) and salt solutions with electrical conductivity of 5 dS m
-1
 at low and high sodicity (Lo5 and 
Hi5, respectively) and 10 dS m
-1
 at low and high sodicity (Lo10 and Hi10, respectively) 
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Table 4.3  ANOVA for plant growth characteristics from the first- and second-season of the plant growth study (α = 0.05) 
 
Source of variation 
Shoot height 
(cm) 
Tillers plant
-1
 
Leaves      
tiller
-1
 
Aboveground 
fresh weight 
(g) 
Aboveground 
dry weight 
(g) 
Belowground 
dry weight 
(g) 
 Season 1 
population <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 ― 
sodicity 0.6268 0.1398 0.2470 0.3177 0.4840 ― 
population*sodicity 0.2003 0.4575 0.5972 0.1381 0.2649 ― 
salinity 0.0031 0.0364 0.0325 <0.0001 <0.0001 ― 
population*salinity 0.7346 0.0733 0.2320 0.0493 0.1866 ― 
sodicity*salinity 0.5188 0.3859 0.6984 0.5910 0.5502 ― 
population*sodicity*salinity 0.7938 0.8339 0.6872 0.2592 0.2809 ― 
 
Season 2 
population <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
sodicity 0.1728 0.2395 0.1539 0.2571 0.9793 0.0988 
population*sodicity 0.1345 0.2935 0.1041 0.1398 0.2970 0.2220 
salinity <0.0001 0.0002 0.0008 <0.0001 <0.0001 <0.0001 
population*salinity 0.9407 0.2061 0.1336 0.0001 0.0537 0.6124 
sodicity*salinity 0.0237 0.1188 0.2958 0.8705 0.5972 0.0740 
population*sodicity*salinity 0.9403 0.1618 0.6817 0.6700 0.8384 0.6917 
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Fig. 4.1  Emergence rate of prairie cordgrass (pc17-102 through Red River) and switchgrass (EG 
1101 through EG 1102) populations subjected to varying levels of sodicity and salinity in a pure 
silica medium under greenhouse conditions over 21 d.  Rates are calculated according to a 
modified Timson index (see text for formula).  The maximum rate possible was 43. 
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Fig. 4.2  Plant growth characteristics of three prairie cordgrass (pc17-102, pc17-109, Red River) 
and two switchgrass (EG 2101, EG 1102) populations following second-year harvest.  Irrigation 
treatments included pure water (Control) and salt solutions with electrical conductivity of 5 dS 
m
-1
 at low and high sodicity (Lo5 and Hi5, respectively) and 10 dS m
-1
 at low and high sodicity 
(Lo10 and Hi10, respectively) 
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Fig. 4.3  Shoot-to-root ratios for three prairie cordgrass (pc17-102, pc17-109, Red River) and 
two switchgrass (EG 2101, EG 1102) populations following second-year harvest.  Irrigation 
treatments included pure water (Control) and salt solutions with electrical conductivity of 5 dS 
m
-1
 at low and high sodicity (Lo5 and Hi5, respectively) and 10 dS m
-1
 at low and high sodicity 
(Lo10 and Hi10, respectively) 
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Fig. 4.4  Cation concentration of shoot (a, c, e, g) and root (b, d, f, h) tissues of three prairie 
cordgrass (pc17-102, pc17-109, Red River) and two switchgrass (EG 2101, EG 1102) 
populations following second-year harvest.  Irrigation treatments included pure water (Control) 
and salt solutions with electrical conductivity of 5 dS m
-1
 at low and high sodicity (Lo5 and Hi5, 
respectively) and 10 dS m
-1
 at low and high sodicity (Lo10 and Hi10, respectively) 
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Fig. 4.5  Ratio of cations ( (K + Ca + Mg)/Na) in aboveground (a) and belowground (b) tissue 
for three prairie cordgrass (pc17-102, pc17-109, Red River) and two switchgrass (EG 2101, EG 
1102) populations following second-year harvest.  Irrigation treatments included pure water 
(Control) and salt solutions with electrical conductivity of 5 dS m
-1
 at low and high sodicity (Lo5 
and Hi5, respectively) and 10 dS m
-1
 at low and high sodicity (Lo10 and Hi10, respectively)  
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CHAPTER 5. 
EVALUATION OF CURRENT RESEARCH AND RECOMMENDATIONS FOR 
FUTURE WORK 
 
 In each of the four previous chapters, there were challenges encountered as the 
experiments were carried out as well as lessons to be learned.  Though diligence was used in 
designing and conducting these experiments, science is often not a “clean” process and there is 
always room for improvement.  In this chapter, the challenges, lessons learned, and suggestions 
for future work are outlined. 
Chapter 1 
 The experiments in Chapter 1did not necessarily follow a standard protocol for herbicide 
tolerance and efficacy screening.  The opportunity began in the summer of 2010 with the goal of 
learning more about possible herbicide options in tetraploid seeded Miscanthus  giganteus 
(seeded miscanthus).  Initial screenings were conducted at different research universities under 
the direction of Mendel Biotechnology Inc.  Results from these screenings were used to make a 
selection of preemergence (PRE) and postemergence (POST) herbicides that would be good 
candidates for use in seeded miscanthus.  There was interest in using some rented ground at the 
University of Illinois’ bioenergy research farm for this research, and an experiment was launched 
in the middle of that summer. 
 The first lesson learned was that it is better to conduct initial screenings of herbicides in 
the greenhouse rather than in the field.  Scores of extra hours and labor were spent planting, 
maintaining and measuring plots with herbicides that clearly were not safe to use on seeded 
miscanthus.  Greenhouse testing can be done with multiple herbicides and results can be 
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obtained more efficiently.  This lesson was learned after the preliminary study was underway, 
and the subsequent greenhouse and field experiments presented in Chapter 1 are the fruits of this 
education.  A second lesson was related to the challenge of identifying seeded miscanthus 
seedlings among grass weed seedlings.  Early attempts at seeded miscanthus identification were 
highly inaccurate and served only as “good practice” for when the grasses reached 10–15 cm tall 
and were more readily distinguished from each other.  Fortunately this practice during the 
preliminary study paid off and stand counts in the presented field study were accurate.   
Another valuable lesson was to evaluate real-world agronomic options in the field.  Weed 
control was one of the primary goals in the field experiment, and the need for adequate weed 
control prior to crop canopy closure is well understood.  The inclusion of treatments with only a 
PRE or POST herbicide application was not necessary and ended up consuming additional 
resources.  Also, the timing of POST applications should have been matched with weed growth 
(i.e., when weeds reached 5–10 cm in height) in plots with the most mature weeds.  This practice 
likely would have provided better weed control and would have followed best management 
practices in agronomic settings.  Follow-up, or “rescue”, applications should then have been 
made either with an appropriate herbicide (e.g., 2,4-D for broadleaf weeds) over the entire field 
or a second POST application for each plot.   
In retrospect, it was a mistake not to have measured aboveground biomass after a killing 
frost.  This would not have affected the ability to evaluate overwintering as any translocation of 
nutrients would have occurred prior to the frost.  Though plant height can be used as a decent 
approximation of biomass yield, nothing beats a direct measurement.   
In light of all these lessons learned, a few suggestions can be made regarding future 
research needs with seeded miscanthus.  First, a wider range of herbicides, particularly ALS-
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inhibiting herbicides and diphenyl ethers with both residual and foliar activity, need to be 
screened for phytotoxic effect on seeded miscanthus.  Applications at different growth stages 
(e.g. 2-, 4- and 6-leaf stages) of seeded miscanthus would provide information as to how early 
herbicides could be safely applied.  More PRE herbicide options are needed, and in addition to 
screening more herbicides with soil residual activity, seed-applied safeners could be tested, 
particularly with chloracetamides, to broaden the range of options.  Additional application rates, 
timings, and split applications could also be evaluated.  Another study that is needed is to 
determine how much weed competition can be tolerated during the year of establishment that 
will not affect stand uniformity or biomass yields during the second growing season.  Finally, an 
economic accounting needs to be done to determine which weed control options are most cost 
effective or even viable options given the current price of biomass.  All of these studies would 
improve understanding of seeded miscanthus agronomics and provide needed weed control 
options during establishment. 
Chapter 2 
 The first lesson learned during the seeded miscanthus establishment experiment was to 
always, always test herbicide mixtures in the greenhouse or on small plots prior to applying to an 
entire field.  Though the herbicide regime selected for this experiment was safe on seeded 
miscanthus with respect to emergence and plant growth, late emergence in the first replication 
caused not a little anxiety over whether the lack of emergence was due to the PRE herbicide 
treatment.  Another lesson was that the researcher must be well acquainted with all measuring 
equipment used in the experiment.  The ceptometer used for measuring canopy closure had a few 
problems during the experiment, including: having the wrong external light sensor shipped from 
the manufacturer which produced readings that were clearly wrong; having the wrong location 
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and time (due to daylight savings time) input midway through the second year of measurement; 
and having a faulty sensor in the wand, although this was not preventable.  These challenges 
resulted in various different problems with data that took many, many hours to correct.  Another 
challenge was the nature of the hydroseeding unit with regards to its ability to dispense the 
mulch at a consistently even rate.  The engine speed was variable to some extent, and the 
viscosity of the hydromulch slurry increased as the volume remaining in each batch decreased.  
Adjustments needed to be made “on the fly” which were based on fairly subjective assessments 
of flow rate, and this may have led to errors in seeding rates. 
 A few additional studies would greatly improve the number of establishment options as 
well as the overall understanding of establishment agronomics of seeded miscanthus.  The 
seeding rates used in this experiment were as much as 10x lower than would be recommended 
for seeding switchgrass, and it would be useful to know the impact that rates as high as 200–400 
seeds m
-2
 would have on second-year biomass yields.  Perhaps the use of such high seeding rates 
would allow for successful stand establishment under water-limiting conditions.  Since this 
small-seeded grass requires very shallow planting depths, another planting method that could be 
evaluated is broadcasting with some sort of dispersal medium (e.g., sand) followed by rolling.  
As mentioned within Chapter 2, inclusion of different watering frequencies and durations would 
provide a better understanding of the need for irrigation and the associated costs.  Finally, an 
economic analysis of each establishment protocol should be conducted to determine the 
feasibility of bringing seeded miscanthus to market given current biomass prices.  This could 
include collaborative invasiveness studies whereby the need for and cost of various monitoring 
protocols would be included in the overall cost of establishing seeded miscanthus in comparison 
with M.  giganteus cv. Illinois from plantlets and rhizomes. 
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Chapter 3 
 The only challenge with this experiment was the variability of the temperature and 
lighting in the various greenhouse rooms and light regimes during different times of the year.  
Though it turned out to be an interesting study – with two extra replications and many extra 
hours of light measurements – of the effects of light intensity, and thus seedling growth stage, on 
the plants’ ability to tolerate various herbicides, it could have been designed more efficiently 
with these goals in mind.  If a similar study were to be conducted again, more seeds would need 
to be planted so that enough plants (e.g., 10 per pot) would all be at the same growth stage when 
sprayed.  Also, herbicide applications should be made at three different growth stages – rather 
than different timings after planting, to eliminate the effect of light intensity – to obtain greater 
precision with regards to how early the application could be made.  Additional studies similar to 
those suggested for seeded miscanthus regarding a wider range of herbicides and the use of seed 
safeners could also be conducted. 
Chapter 4 
 Experiments investigating the effects of salt on plant growth can be challenging, and 
those in this chapter were no exception.  Several preliminary trials of the seed germination study 
were conducted before identifying a protocol whereby temperature was able to be maintained 
within the desired range under a plastic germination dome in the greenhouse in the summer when 
greenhouse temperatures are difficult to manage.  More seeds could have been planted for each 
treatment to conform to seed testing standards.  This would have meant much more bench space 
and more challenges with keeping salinity levels in each tray consistent, and plants would have 
had to have been removed upon germination to allow for feasibility of taking measurements.  In 
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hindsight, this would have been acceptable though since seedling height as measured during the 
experiment was not a useful variable for determining salt tolerance. 
 The pot study was very challenging in several aspects.  First, getting seeds to germinate 
in the pots proved to be very difficult, and a variety of modifications had to be made, including: 
misting; covering with plastic domes to limit evaporation; replanting twice; and finally starting 
seeds in the growth chamber, transferring to the pots and then thinning back to one plant per pot.   
By far the biggest challenge was ensuring that the water in the soil column was 
maintained at the desired level of salinity.  The method used to measure the salinity was to 
monitor the leachate in the drip trays; since evaporation and, later, plant uptake continually 
changed the salt concentration of soil column, this method proved to be challenging.  Attempts 
were made to utilize soil salinity electronic monitoring equipment, but the readings did not 
reflect the actual salinity value of the solution in the soil column and that method was rejected.  
Therefore, daily watering with the salt solutions combined with weekly pot flushes with the salt 
solutions was employed.   
Another challenge was the size (7.65 L) of the pots used.  This was about the largest size 
that could have been incorporated in the study given the greenhouse space limitation.  However, 
even by the end of the first growing season, the root and rhizome mass in several of the pots was 
too large causing the pots to partially split open.  Root limitations may have caused plant growth 
to be reduced in pure water and moderate salinity treatments with some populations.   
The humid conditions present in a greenhouse also potentially limited the transpiration 
rate in these plants.  This could have been a significant factor since prairie cordgrass utilizes salt 
glands to excrete excess salt, and this process would be affected by limiting transpiration.  The 
methodology employed to re-create overwintering conditions was also difficult.  Shading all 100 
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plants proved to be a challenge in and of itself, and it cannot be verified whether this truly 
simulated actual conditions in the fall.  It also cannot be verified whether the two weeks in the 
cooler was an accurate representation of overwintering conditions in the field.  However, given 
the limitations and challenges of conducting such an experiment in the greenhouse, valid and 
useful results were obtained that can be used to inform further experiments. 
A follow-up study on the salt tolerance of these grasses should be conducted in the field 
using naturally saline soil conditions.  Though this would not allow for testing varying levels of 
salinity – unless different sites could be found that had differing levels of salinity while all other 
climate variables remained constant – it would alleviate issues with root-bound pots and limited 
transpiration.  It would also allow for more than one plant to be used as an experimental unit.  
Perhaps an area in the field could be covered with a clear plastic canopy to shed rainfall, thus 
making it possible to control the soil salinity levels.  Overwintering conditions would not need to 
be simulated either.   
 
